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One of the petroleum industry’s goals is to reduce the environmental impact of 
oil and gas operations in environmentally sensitive areas. To achieve this, a number of 
Environmentally Friendly Drilling (EFD) technologies have been developed to varying 
degrees. For example, the use of an elevated platform as an alternative to the gravel pad 
is less intrusive and leads to a more environmentally friendly approach to drilling 
operations. Elevated drilling platforms will require the use of piles. Another alternative 
to the gravel pad is the use of composite mats. Since the demand of low impact 
technologies for drill site construction has rapidly increased, the parametric study for the 
feasibility of using pile foundations and composite mats is conducted in this research.  
Even though a number of EFD technologies have already been developed to 
varying degrees, few have been integrated into a field demonstrable drilling system (i.e., 
combination of technologies) compatible with ecologically sensitive areas. In general, it 
is difficult to select the best combination of EFD technologies for a given site because 
there are many possible combinations and many different evaluation criteria. The 
proposed technology evaluation method is based on a systems analysis that can be used 
for integrating current and new EFD technologies into an optimal EFD system. An 
optimization scheme is suggested based on a combination of multi-attribute utility theory 
and exhaustively enumerating all possible technology combinations to provide a 
quantitative rationale and suggest the best set of systems according to a set of criteria, 
with the relative importance of the different criteria defined by the decision-maker. In 
 iv
this research, the sensitivity of the optimal solution to the weight factors and the effects 
of the uncertainty of input scores are also discussed using a case study. 
An application of the proposed approach is described by conducting a case study 
in Green Lake at McFaddin, TX. The main purpose of this case study is to test the 
proposed technology evaluation protocol in a real site and then to refine the protocol. 
This research describes the results of the case study which provided a more logical and 
comprehensive approach that maximized the economic and environmental goals of both 
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In the past 100 years the petroleum industry has provided important economic 
contributions and benefits to society through energy, wealth generation, and employment 
creation (Rogers et al. 2006). In the 21st century the industry is being metamorphosed by 
the need to meet its social obligations and the need to improve economic performance by 
considering environmental impact of oil and gas operations. Recent studies conducted by 
the Department of the Interior show that almost 80% of federal lands containing more 
than 20 billion barrels of untapped oil is currently off limits to drilling. Only by utilizing 
low impact drilling practices can industry gain access to these environmentally sensitive 
areas. 
Nowadays, the petroleum industry is endeavoring to develop such low impact or 
Environmentally Friendly Drilling (EFD) technologies to minimize the environmental 
impact during drilling operations. In environmentally sensitive areas, managing 
environmental impact will lead to greater access to large potential reserves in areas that 
are currently off-limit (Rogers et al. 2006). For example, directional drilling technology 
has allowed the industry to contact almost 60 times the volume of subsurface rock 
material that could be accessed in 1970 while occupying only one-third the surface area 
(Harrison 2005). Moreover, reducing the environmental footprint during drilling 
operations using a reusable Modular Platform and small mobile rig in the Arctic was 
demonstrated in 2003 by Anadarko and Noble’s Subsidiary, Maurer technology Inc.. 
The objective was to drill in an ecologically sensitive area without disturbing the ground 
surface. The successful demonstration used a small mining rig to evaluate the potential 
of drilling for hydrates under the frozen tundra of the Alaska North Slope and showed 
the usefulness of an onshore platform to drill in environmentally sensitive areas 
(Kadaster and Millheim 2004).  
 




One of the petroleum industry’s goals is to reduce the environmental impact of 
oil and gas operations in environmentally sensitive areas. To achieve this, a number of 
EFD technologies have been developed to varying degrees. For example, the use of an 
elevated platform as an alternative to the gravel pad for leveling and carrying capacity 
purposes is less intrusive and leads to a more environmentally friendly approach to oil 
and gas drilling operations. Elevated drilling platforms will require the use of piles. 
Another alternative to the gravel pad is the use of composite mats. As the demand of low 
impact technologies for drill site construction is rapidly increasing, parametric studies 
for the feasibility of using these technologies have become a more important part of the 
petroleum industry. In this research, the parametric study for the feasibility of using pile 
foundations and composite mats is conducted for various soil conditions and applied 
load areas. 
Even though a number of EFD technologies and concepts have already been 
developed to varying degrees, few have been integrated into a field demonstrable drilling 
system (i.e., combination of technologies) compatible with ecologically sensitive or off-
limits areas. Such sensitive areas include wetlands of the Gulf Coast and federal lands in 
the Western U.S. In general, it is difficult to select the best combination of EFD 
technologies for a given site because there are many possible combinations and many 
different and perhaps competing evaluation criteria. How to logically measure and select 










1.3 Research Objectives 
The key objectives of this research are to: 
1. Help the petroleum industry engineers to get a basic idea about environmentally 
friendly foundation designs of a rig or an elevated platform for various weights and 
soil conditions in environmentally sensitive areas (e.g., desert environments and 
wetland applications). In order to encourage petroleum industry people to use 
environmentally friendly foundations such as elevated platforms and composite mat 
systems more often for their drilling sites instead of using gravel pads, it is an 
essential task in this research. 
2. Develop a technology evaluation protocol based on a systems analysis to 
synergistically incorporate a number of current and emerging EFD technologies into 
a single and clean drilling system with limited environmental impact and then to 
suggest a small number of systems that should be particularly attractive for a given 
site. This decision-analytic model will help decision-makers select an optimal 
drilling system for a given site to minimize environmental impact and maximize 
profit at that specific site.  
3. Develop a prototype of a web-based decision optimization tool to help decision-
makers easily follow the proposed technology evaluation procedure and then select 
an optimal drilling system for a specific site. The web-based application can also 
help to manage used input parameters permanently if a central repository is 
maintained regularly so that decision-makers or drilling operators can easily retrieve 




2.1 Parametric Study of Foundations for Drill Sites 
Three different types of foundations for drill sites are considered in this research.  
1. Two different types of pile foundations (i.e., driven pile and bored pile): elevated 
platforms will require the use of piles. About one thousand different cases of pile 
capacity calculations are conducted depending on various soil types, pile types, and 
design methods. The results of these calculations are organized into a series of tables 
for the petroleum industry engineer to choose an appropriate pile size for a given 
condition without performing an extensive pile design analysis. The optimal pile 
selection procedure is also described in this research. 
2. Dura-Base Composite Mat: feasibility study of using the Dura-Base Composite Mat 
System for the drill site construction is demonstrated with various applied load areas 
from 6 inches to 10 feets in diameter and soil types. 
 
2.2 Development of a Systems Approach to Technology Evaluation 
The information contained in this research is part of the research project entitled 
“Field Testing of Environmentally Friendly Drilling Systems” sponsored by the U.S. 
Department of Energy and companies from the oil and gas industry. The main purpose 
of this project is to integrate current and new EFD technologies into a viable drilling 
system compatible with environmentally sensitive areas and finally to suggest a small 
number of systems (1~5) that should be particularly attractive for a given site. The 
proposed method is based on a systems analysis that can be used for integrating current 
and new EFD technologies into an optimal EFD system. The system draws upon a large 
number of technologies (more than 100) identified by a government-industry joint 
venture studying low impact operations in sensitive ecological areas. In order to provide 
flexibility to the user, a small number of systems (1~5) are proposed for a given site, 
instead of a single best system. An optimization scheme is suggested based on a 
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combination of multi-attribute utility theory and exhaustively enumerating all possible 
technology combinations (i.e., exhaustive search optimization) to provide a quantitative 
rationale and suggest the best set of systems according to a set of criteria, with the 
relative importance of the different criteria defined by the decision-maker.  
Since an optimal system for a specific site would be based on subjectively 
assessed data, there can be considerable uncertainty about the input parameters used. 
Therefore, even if finding the optimal system is valuable to the decision-makers, they 
also would like to know how robust the decision is to changes in the input parameters 
such as the attribute scales, weight factors for attributes, risk-attitude (i.e., risk-neutral, 
risk-averse, and risk-seeking), and single-attribute utility functions assessed by different 
individuals (Guikema and Milke 2003). In this research, a sensitivity analysis is 
conducted using a case study to address this problem.  
The methodology described in this research is designed to help decision-makers 
select an optimal drilling system for a given site in order to minimize environmental 
impact and maximize profit at that specific site. The technology evaluation protocol can 
be refined based on EFD experts’ inputs and feedbacks if necessary. Further interaction 
with appropriate experts would be valuable in revising this evaluation protocol. The 
overall procedure is briefly illustrated as follows: 
Step 1: Identify the main subsystems, subsets, and technologies within each subset for 
the EFD operations. 
Step 2: Define attributes and develop attribute scales to evaluate technologies. 
Step 3: Assign scores to all technologies using the attribute scales. 
Step 4: For each attribute, calculate the overall attribute score of a system by adding 
the technology scores or selecting the minimum technology score. 
Step 5: For each attribute and in order to homogenize the scores, develop a “utility 
function (ui)” to convert the overall dimensional score of a system (e.g., $, 
acres, and grades) into a non-dimensional utility value (between 0 and 1) of the 
system that reflects the decision-maker(s) value. 
Step 6: Decide on a weight factor (ki) for each attribute (ith). 
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Step 7: Calculate the overall score of the system as “∑ kiui” (multi-attribute utility 
function). 
Step 8: Use optimization technique to evaluate all possible systems and to find the best 
system for a specific site. Once all possible systems have been evaluated, the 
system with the highest overall score is the best system. 
Step 9: Conduct a sensitivity analysis to examine the impacts of possible changes in 
the attribute scores, weight factors, and utility functions on the optimal system. 
Step 10: Suggest a small number of systems that should be attractive for a given site. 
 
2.3 A Case Study with Pre-Specified Systems 
An application of the proposed approach is described by conducting a case study 
in Green Lake at McFaddin, TX; some of the difficulties in using this approach in 
practice are also discussed. The main purpose of this case study is to test the proposed 
technology evaluation protocol in a real site and then to refine the protocol. Three 
different systems are pre-specified by an EFD expert in order to identify possible drilling 
technologies for Green Lake drilling site: (1) conventional drilling; (2) moderately 
improved drilling; and (3) EFD in five years. First, all technologies selected in these 
three systems are evaluated with respect to the nine attributes. Second, these three 
systems’ overall scores are evaluated by the proposed technology evaluation protocol. 
Third, use optimization technique to evaluate all possible systems and to find the best 
system for Green Lake drilling site. The best system is the system with the highest 
overall score among all possible systems. After that, a sensitivity analysis is conducted 
to examine the impacts of possible changes in the attribute scores and weight factors on 
the optimal system. Finally, a small number of systems (1~5) that should be attractive 
for the site are suggested.  
The results of the case study which provided a more logical and comprehensive 
approach that maximized the economic and environmental goals of both the landowner 
and the oil company leaseholder are described in this research. 
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3. EXISTING KNOWLEDGE 
 
3.1 Onshore Drilling Sequence 
According to Dyke (1997), the standard drilling operation procedure is briefly 
illustrated as follows: 
Step 1: Receive initial well planning information including Surface Hole Location 
(SHL) with Bottom Hole Location (BHL) if applicable. 
Step 2: Confirm lease issues including surface ownership. 
Step 3: Check the site specific state permit requirements. 
Step 4: Check the topographical/ cultural requirements. 
Step 5: Confirm operational parameters including mud system and disposal options 
(onsite vs. offsite). 
Step 6: Construct access road. 
Step 7: Construct pad (site preparation) including mud reserve pits if applicable. 
Step 8: Place a rig and other required components. 
Step 9: Drill the hole. 
 
3.2 Pile Foundation Design 
Use of a raised platform in environmentally sensitive areas will require the use of 
piles to support the elevated platform instead of gravel pads as used in a conventional 
platform. Piles are used to transfer the load from the structures on/above the ground 
surface to the underlying soil mass. The axially transferred loads are resisted by the 
friction between the pile and the surrounding soil as well as the end bearing resistance at 
the bottom of the pile. It is critical in pile designs to estimate the proper axial capacity of 
the pile depending on the pile and soil types. In addition, the lateral capacity of the pile 
also should be checked since most piles must resist the horizontal component of the 
applied loads. In other words, the designed pile should meet not only the axial capacity 
criterion but also the lateral capacity criterion. The estimated capacities of piles are 
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checked against the applied loads according to a design method, such as the Load and 
Resistance Factor Design (LRFD) and the Working Stress Design (WSD). 
 
3.2.1 Axial Pile Capacity 
The ultimate capacity of the pipe piles is obtained by adding the outside skin 
friction and the end bearing resistance. The end bearing resistance assumes that the 
bottom of the pile is closed or that the open ended pipe pile would plug during static 
loading. The ultimate axial bearing capacity of a pile (Figure 3-1) can be expressed as 
the sum of the skin friction and end bearing resistances in Eq. (3-1): 
pisipfu AqAfQQQ ×+×=+= ∑                 (3-1) 
where, Qu = ultimate bearing capacity (kN, lbs),  
Qf = skin friction resistance (kN, lbs) 
Qp = total end bearing (kN, lbs),  
fi  = unit skin friction capacity in ith layer (kPa, lb/ft2) 
Asi = side surface area of pile in ith layer (m2, ft2),  
Ap = gross end area of pile (m2, ft2) 





Figure 3-1. Schematic drawing of an axially loaded pile 
Qf = ∑ fiAsi 
Soil Layer 1 
Soil Layer 2 
Soil Layer 3 
f1 , As1 
f2 , As2 
f3 , As3 
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The skin friction and end bearing resistances are calculated in different ways 
depending on the pile type such as driven piles or bored piles. The type of underlying 
soil (i.e., fine grained or coarse grained soil) also affects the calculation method. The 
API RP2A-LRFD (2003), API RP2A-WSD (2000), and the ADSC (1999) are referred to 
the calculation procedures for the unit skin friction, fi, and the end bearing resistance, q, 
of driven piles and bored piles. 
 
3.2.1.1 Driven Pile 
The unit skin friction is the shear stress between the pile and soil at failure. 
According to the API RP2A-LRFD (2003) and API RP2A-WSD (2000), the unit skin 
friction of a driven pile in coarse grained soils can be calculated by Eq. (3-2): 
δtan'0 ××= pKf                        (3-2) 
where, K = dimensionless coefficient of lateral earth pressure  
 ' = effective overburden pressure at the point in question (kPa, lb/ft2) 0p
 δ = friction angle between the soil and pile wall 
For open-ended pipe piles driven unplugged, it is usually suggested to assume K as 0.8 
for both tension and compression loadings while values of K for full displacement piles 
(plugged or closed end) may be assumed to be 1.0. The friction angle of a soil, φ, 
corresponds to the friction coefficient μ1 of a soil-soil interface through: μ1 = tan φ. The 
angle δ is the friction angle which corresponds to the friction coefficient μ2 of the soil-
pile interface through μ2 = tanδ. The unit end bearing of a driven pile in coarse grained 
soils can be computed by Eq. (3-3): 
qNpq ×= '0                          (3-3) 
where, Nq = dimensionless bearing capacity factor. Recommended values of Nq are 
tabulated in Table 3-1.  
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Table 3-1. Design parameters for coarse grained soils (API RP2A-LRFD, 2003) 




































Sand 35 114.8 (2.4) 50 12.0 (250) 
 
According to the API RP2A-LRFD (2003) and WSD (2000), the unit skin 
friction of a driven pile in fine grained soils can be calculated by Eq. (3-4): 
1 uf sα= ×                            (3-4) 
where, α1 = dimensionless adhesion factor 
 su = undrained shear strength of the soil (kPa, lb/ft2) 
The factor, α1 is an empirical adhesive factor for reduction of the average undrained 












= × >                     (3-5) 
where, '/ 0psu=ψ  
The shaft friction acts on both the inside and outside of the pile. The total shaft 
resistance is the sum of the external friction and the internal shaft friction if the internal 
shaft friction is less than the end bearing capacity.  
The unit end bearing a driven pile in fine grained soils can be computed by Eq. (3-6): 
usq ×= 9                            (3-6) 
where, su = undrained shear strength (kPa, lb/ft2) 
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In fine grained soils, the capacity of piles follows an undrained analysis using su. 
The reason is that a fine grained soil does not have time to drain during the loading and 
this corresponds to the time where the fine grained soil is the weakest. Indeed right after 
the loading the pore pressures are high and the effective stress is low while in the long 
term the pore pressures generated by the loading dissipate, the effective stress increases 
and so does the shear strength of the fine grained soil. In coarse grained soils, the 
capacity of piles follows a drained analysis because a coarse grained soil has time to 
drain during loading. 
 
3.2.1.2 Bored Pile 
According to the ADSC (1999), the unit skin friction of a bored pile in coarse 
grained soils can be calculated by Eq. (3-7): 
'0pf ×= β                            (3-7) 
where, β = dimensionless correlation factor  
Suggested values of β for granular soils classified as sand can be obtained by Eq. (3-8) if 
 blows per 0.3m: 15≥SPTN
)20.125.0(,)(245.05.1 5.0 ≤≤×−= ββ mz      (3-8) 
where, z = depth below the ground surface in meter 
If  blows per 0.3m, β value can be computed by Eq. (3-9): 15<SPTN
( )[ ] )20.125.0(,)(245.05.115/ 5.0 ≤≤×−= ββ mzN SPT      (3-9) 
The unit end bearing of a bored pile in coarse grained soils can be computed by Eq. (3-
10): 
SPTNtsfq ×= 60.0)(                          (3-10) 
where, = uncorrected SPT blow count (blows/ft) SPTN
The Standard Penetration Test (SPT) is a geotechnical field test. It is performed 
at the bottom of a borehole which is about 4 inches in diameter. The SPT consists of 
driving a standard sampler about 2.5 inches in diameter called the split spoon sampler 
starting at the bottom of an open borehole while using a standard 140 lbs hammer. This 
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hammer is raised 30 inches above the anvil and dropped freely for each blow. The 
number of blows required to drive the sampler one foot into the soil is recorded as the 
blow count N (bpf). The N values are obtained every 5 to 10 feet with depth and a blow 
count profile is generated. 
According to the ADSC (1999), the unit skin friction of a bored pile in fine 
grained soils can be calculated by Eq. (3-11): 
usf ×= 2α                            (3-11) 
where, α2 = shear strength reduction factor 
 = 0 between the ground surface and a depth of 1.5m (5ft) 
 = 0 for a distance of Bb above the base 
 =  for  55.0 / 1.5u as P ≤
 = 0.55  for 1.50.1( / 1.5)u as P− − / 2.5u as P≤ ≤  
 Bb = diameter on the base of the bored pile (m, ft) 
 Pa = atmospheric pressure (101kPa or 2116 lb/ft2) 
 su = undrained shear strength of the soil (kPa, lb/ft2) 
The α2 values are developed from measured data on full-scale load tests and depend on 
the undrained shear strength, su. If the fine grained soil has a value of su ≥ 96 kPa 
(2000lb/ft2), the unit end bearing of a bored pile in fine grained soils can be computed by 
Eq. (3-12): 
usq ×= 9                          (3-12) 
However, if the embedded pile length (Lp) is less than three times the diameter of the 
base of the bored pile (3Bb), then the unit end bearing capacity (q) should be reduced as 
follows: 
[ ] ucbp sNBLq ×+= *)/(1667.01667.0               (3-13) 
where, Lp = embedded pile length (m, ft) 
 Bb = diameter on the base of the bored pile (m, ft) 
 = modified bearing capacity factor cN *
Recommended values of are tabulated in Table 3-2.  cN *
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Table 3-2. values (ADSC, 1999) cN *
us  cN *  
24 kPa (500lb/ft2) 6.5 
48 kPa (1000lb/ft2) 8.0 
96 kPa (2000lb/ft2) 8.7 
192 kPa (4000lb/ft2) 8.9 
 
3.2.2 Lateral Pile Capacity 
Piles are often subjected to relatively large horizontal loads and overturning 
moment due to wind loads, seismic loads, etc. In this case, the lateral pile capacity 
should be checked for two criteria. The piles should have enough lateral soil bearing 
capacity to resist against the horizontal loads and the horizontal deflection of the pile 
should be within an allowable limit. The methods for performing lateral capacity 
analyses depend on the type of connection between the pile and the structure. If the pile 
is connected to the structure in such a way that the top of the pile may freely move 
laterally and rotate (Figure 3-2 a), it may be assumed to be a free head condition. If the 
top of the pile may move laterally but is not allowed to rotate (Figure 3-2 b), it may be 




Figure 3-2. Types of connections. (a) free head, and (b) fixed head 
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3.2.2.1 Free Head Case 
The spring constant, Ks, is the ratio of the lateral resistance of the soil per unit 
length of a pile to the lateral displacement of the pile. It can be obtained by Eq. (3-14) 
(Briaud 1997): 
03.2 EK s =                           (3-14) 
E0 is the first load pressuremeter (PMT) modulus. The pressuremeter is a geotechnical 
field test. It consist of drilling a 3 inch borehole, removing the drilling tool, lowering a 
cylindrical probe about 2.5 ft in length and 3 inch in diameter, and expanding that probe 
laterally against the borehole walls while recording the volume of the probe and the 
pressure exerted on the soil. This gives an in situ stress strain curve from which a soil 
modulus (E0) and a horizontal limit pressure (PL) are obtained. E0 can be obtained by 
using the following correlations if PMT tests are not available:  
E0 (kPa) = , or E0 (tsf) = (Briaud 1992) )30/(383 cmblowN SPT )/(4 ftblowNSPT
 = average pressuremeter modulus (kPa, tsf) 
where, NSPT = blow count in Standard Penetration Test 
The factor 2.3 is determined empirically by comparing measured deflections for over 
twenty full scale lateral load tests and the predicted deflections (Briaud 1997). For a pipe 
pile, the moment of inertia of the pile, I (m4, ft4), can be calculated by Eq. (3-15): 
( ) ( )
6464
44
io DDI ππ −=                        (3-15) 
where, D0 = outside diameter of the pile (m, ft) 
 Di = inside diameter of the pile (m, ft) 
The transfer length, l0, is a parameter which comes from the differential equation. 
It has no physical meaning except that it indicates the relative stiffness between the pile 









EIl                          (3-16) 
where, E = modulus of elasticity for the pile material (kPa, lb/ft2) 
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If the embedded pile length, Lp, is larger than three times the transfer length, the 
pile can be treated as a long flexible pile. If Lp < l0, the pile is short and rigid. Since most 
piles satisfy Lp ≥ 3l0, the equations only for long flexible piles are considered in this 
report. The zero-shear depth, Dv, shown in Figure 3-3 can be determined by Eq. (3-17) 




















= −                (3.17) 
where, Lp = embedded pile length (m, ft) 
 H0 = applied horizontal load at the ground surface (kN, lbs) 
 M0 = applied moment at the ground surface (kN-m, lbs-ft) =  hH 0






V = 0 
M
Figure 3-3. Free body diagram of pile down to zero-shear depth (Briaud 1997) 
 
The ultimate lateral capacity of the pile with respect to soil capacity, Hou, is 
computed by Eq. (3-18) (Briaud 1997): 
voLou DDPH 75.0=                       (3-18) 
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PL is the pre-boring pressuremeter (PMT) limit pressure within (kPa, lb/ft2). If PL is 
not available from PMT tests at the site, then the following correlations can be used with 
reduced accuracy: 
vD
PL (kPa) = , or PL (tsf)=  (Briaud 1992) )30/(9.47 cmblowN SPT )/(5.0 ftblowNSPT
In addition to the lateral capacity of the pile, both the deflections of the pile at the 
ground surface and the pile head should be checked and satisfy a certain limit. A 
deflection of 0.5 inches is a common limit of deflection for many structures. For that 
reason it is used in this report as a target value. The deflection of a long flexible pile at 








+=                            (3.19) 
where, h = height of the pile above the ground surface (m, ft) 






0 ++=                       (3-20) 
where, h = height of the pile above the ground surface (m, ft) 
Finally, the maximum bending moment, Mmax in the pile should be less than or 
equal to the allowable moment for the pile. The value of Mmax for a long flexible pile can 
be calculated by Eq. (3-21) (KNR 1999): 
( ) )/(2000max 0max1/212 lZelh
lHM −++=      (3-21) 
 where,  since Mmax occurs where the shear stress is equal to zero vDZ =max
The equation for Mmax for a short and rigid pile is not included since all of the piles 
calculated in this report turned out to be long flexible piles. Although the maximum 
bending moments are computed, they are not checked against the yield moment of the 
pile material. In other words, the lateral pile capacity is checked only against failure of 
the surrounding soil, not failure of the pile itself. 
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The procedures for the lateral pile capacity in the fine grained soils are almost the 
same as those in the case of coarse grained soils. The average pressuremeter modulus, E0 
and the pre-boring pressuremeter limit pressure within Dv, PL in the fine grained soils 
can be determined by Eq. (3-22) and Eq. (3-23), respectively (Briaud 1992); 
usE 1000 =                             (3-22) 
uL sP 5.7=                              (3-23) 
Once these two values are obtained, the same procedures as described in the previous 
section should be applied to check the lateral pile capacity. 
 
3.2.2.2 Fixed Head Case 
The spring constant, Ks, is the ratio of the lateral resistance of the soil per unit 
length of a pile to the lateral displacement of the pile. It can be obtained by Eq. (3-24) 
(Briaud 1997): 
03.2 EK s =                           (3-24) 
E0 is the first load pressuremeter (PMT) modulus and can be obtained by using the 
following correlations if PMT tests are not available:  
E0 (kPa) = , or E0 (tsf) = (Briaud 1992) )30/(383 cmblowN SPT )/(4 ftblowNSPT
    = average pressuremeter modulus (kPa, tsf) 
where, NSPT = blow count in Standard Penetration Test 
The moment of inertia of the pipe pile, I (m4, ft4), can be calculated by Eq. (3-25): 
( ) ( )4 40
64 64
iD DI
π π= −                         (3-25) 
where, D0 = outside diameter of the pile (m, ft) 
 Di = inside diameter of the pile (m, ft) 
The transfer length, l0, is a function of the relative stiffness between the pile and the soil, 









EIl                           (3.26) 
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where, E = modulus of elasticity for the pile material (kPa, lb/ft2) 








⎛ +−=                     (3-27) 
where, H0 = applied horizontal load (kN, lbs) 
If the embedded pile length, Lp, is larger than three times of the transfer length, 
the pile can be treated as a long flexible pile. If Lp < l0, the pile is short and rigid. Since 
most piles satisfy Lp ≥ 3l0, the equations only for long flexible piles are considered in 
this report. The zero-shear depth, Dv, can be determined by Eq. (3-28) (KNR 1999) 






⎛= −                (3-28) 
where, Lp = embedded pile length (m, ft) 
The lateral capacity of the pile, Hou, is computed by Eq. (3-29) (Briaud 1997): 
voLou DDPH 75.0=                        (3-29) 
PL is the pre-boring pressuremeter (PMT) limit pressure within (kPa, lb/ft2). If PL is 
not available from PMT tests at the site, then the following correlations can be used with 
reduced accuraty: 
vD
PL (kPa) = , or PL (tsf)=  (Briaud 1992) )30/(9.47 cmblowN SPT )/(5.0 ftblowNSPT
As checked in the free head case, the deflections of the pile at the ground surface and the 
pile head should meet the 0.5 in. criterion. The deflection of a long flexible pile at the 







+=                          (3-30) 






0 ++=                      (3-31) 
where, h = height of the pile above the ground surface (m, ft) 
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Finally, the maximum bending moment, Mmax in the pile should be less than or 
equal to the allowable moment for the pile. The value of Mmax for a long flexible pile can 
be calculated by Eq. (3-32): 
[ ]20)/(00max )/(15.0 0max lhelHM lZ += −               (3-32) 
where,  since Mmax occurs where the shear stress is equal to zero vDZ =max
The equation of Mmax for a short and rigid pile is not included since all of the piles 
calculated in this report turned to be long flexible. Although the maximum bending 
moments are computed, these are not checked with the yield moment of the pile 
material. In other words, the lateral pile capacities are checked only against failure of the 
surrounding soil. 
The procedures for lateral pile capacity in fine grained soils are almost the same 
as those in coarse grained soils. In the absence of site specific pressuremeter data, the 
average pressuremeter modulus, E0 and the pre-boring pressuremeter limit pressure, PL 
within Dv, in fine grained soils can be determined by Eq. (3-33) and Eq. (3-34), 
respectively with reduced precision (Briaud 1992); 
usE 1000 =                             (3-33) 
uL sP 5.7=                              (3-34) 
Once these two values are obtained, the same procedures as described in the 
previous section should be applied to check the lateral pile capacity. 
 
3.2.3 Pile Capacity Check 
Once the axial and lateral pile capacities are estimated, they should be compared 
with the applied loads to check if the pile is safe against the loads. There are two 
different methods used extensively in the field: Load and Resistance Factor Design 





3.2.3.1 Load and Resistance Factor Design (LRFD) Method 
The Load and Resistance Factor Design (LRFD) method is based on a reliability 
approach to provide a more uniform level of safety on both loads and resistance. The 
LRFD factors are developed on the basis of a probability of failure varying between 
0.0005 to 0.001. In the LRFD method the applied loads are multiplied by load factors, λi 
which are equal or larger than 1. The resistances are multiplied by resistance factors, φi 
which are equal or less than 1. The magnitude of these factors depends on the types of 
loads and the types of resistance components, respectively. The λi and φi values are 
found in various guidelines including AASHTO and API RP2A. All calculations of 
driven pile capacities in this report followed API RP2A-LRFD (2003), and these values 
are shown in Table 2.3. The worst case among the three different conditions in Table 3-3 
should be checked with correspondingly factored resistance. For bored piles, the values 
of load factors are obtained from those values for driven piles, and the values of 
resistance factors in Table 3-4 can be used.  
 
Table 3-3. Load and resistance factors for driven piles (API RP2A-LRFD, 2003) 
Load Condition Load Factors Resistance Factor 
Gravity Loads  1.3DL+1.5LL 0.70 
Operating environmental  1.3DL+1.5LL+1.2Wo 0.70 
Extreme environmental  1.1DL+1.1LL+1.35We 0.80 
Lateral Capacity - 0.75 
Note: DL = dead load; LL = live load; 
 Wo = wind load for operating environmental condition; 
 We = wind load for extreme environmental condition 
 
Table 3.4. Recommended resistance factors for bored piles (ADSC, 1999) 
Resistance Factor Load Condition Capacity Term Sand Clay 
End Bearing 0.50 0.55 
Skin Friction 0.65 0.65 Operating environmental 
Uplift 0.65 0.55 
Extreme environmental Overall 1.00 1.00 
Lateral Capacity Overall 0.75 
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According to API RP2A-LRFD (2003), “The operating environmental condition 
should be representative of moderately severe conditions at the platform. Typically, a 1-
year to 5-year winter storm is used as an operating wind condition in the Gulf of Mexico. 
On the other hand, the extreme environmental condition uses a 100-year return period 
event. Return period means the average interval of time between exceedances of the 
magnitude of an event.” 
The general equation in the LRFD method can be expressed as: 
∑ × ii Lλ (Loads) =∑ × ii Rφ (Resistance)      (3-35) 
where, λi = load factors (≥1.0) 
 φi = resistance factors (≤1.0) 
For the pile capacity check, the appropriate factors for the resistance (capacity) 
obtained in the previous sections should be selected according to the guideline. Then, the 
factored resistance is to be compared with the factored loads and it should be larger or 
equal to the factored loads. 
 
3.2.3.2 Working Stress Design (WSD) Method 
Working Stress Design (WSD) is a traditional method to achieve a level of 
conservatism against various uncertainties in many aspects. In the WSD method, the 
factor of safety is employed to reduce the risk level against failure and it is the ratio of 




RResistanceSFSafetyofFactor =             (3-36) 
The allowable pile capacities are determined by dividing the ultimate pile 
capacity by the proper factor of safety. The API RP2A-WSD recommends the following 
minimum values for driven piles in Table 3-5 depending on the load condition. For 





Table 3-5. Recommended factor of safety for driven piles (API RP2A-WSD, 2000) 
Load Condition Factor of Safety 
Operating environmental conditions 2.0 
Extreme environmental conditions 1.5 
Uplift (pullout) conditions 2.0 
Lateral Capacity 3.0 
 
Table 3-6. Recommended factor of safety for bored piles (ADSC, 1999) 
Load Condition Factor of Safety 
Operating environmental conditions 3.0 
Extreme environmental conditions 2.0 
Uplift (pullout) conditions 3.0 
Lateral Capacity 3.0 
 
Briaud (1997) recommend a factor of safety of 3 for their lateral capacity 
calculation method. In the case of LRFD, it is decided to use a resistance factor for 
lateral capacity equal to 0.75. This is a relatively high resistance factor because the data 
shown by Briaud (1997) indicates little scatter in the predicted vs. measured comparison. 
For the pile capacity check, the actual resistance (capacity) obtained in the previous 
sections is to be divided by the actual loads. It becomes the factor of safety for the pile 
and it should be higher than the recommended value. 
 
3.3 Decision Analysis 
In general, it is almost impossible to predict with certainty what the best result of 
each strategy will be because there are many uncertainties in real problems. Therefore, 
formal analysis is required to consider many complex problems. The goal of decision 
analysis is to structure and simplify the task of making hard decisions through 
quantitative basis (Jimenez et al. 2003). This approach provides logical analysis of the 
alternatives and quantitative rationale for the recommendation. Decision analysis is 
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usually concerned with multiple conflicting objectives for many real world problems and, 
therefore, it is simply not true that “qualitatively speaking, business decisions are simple 
because the objective function is crystal clear (Keeney and Raiffa 1976).”  
According to Keeney and Raiffa (1976) and Keeney (1992), the simple paradigm 
of decision analysis can be summarized in a five-step process as follows:  
1. Preanalysis: the problem has been identified and the viable alternatives are given. 
2. Structural analysis: the decision-maker structures the problem which includes 
specifying objectives, attributes, and attributes scales. 
3. Uncertainty analysis: the decision-maker assigns probabilities to the branches 
emanating from chance nodes. These assignments are based on past empirical 
data and expert judgment. 
4. Utility or value analysis: the decision-maker quantifies his/her preferences and 
then converts these preferences into utility numbers. The assignment of utility 
numbers to consequences must be such that the maximization of expected utility 
becomes the appropriate criterion for the decision-maker’s optimal action. 
5. Optimization Analysis: once decision-maker assigns utilities, he/she calculates 
his/her optimal strategy – the strategy that maximizes expected utility. There are 
various techniques to obtain an optimal strategy for a specific problem. 
 
3.3.1 The Assumption of Utility Function 
In order to be able to decompose the general multi-attribute utility function with i 
attributes into a simple functional form of the i individual attributes, two assumptions 
about the nature of the decision-maker’s preferences for the underlying attributes must 
be specified and verified (Hardaker 2004). These two assumptions are mutually 
preferential independence and utility independence. The preferential independence 
concerns only ordinal preferences and no probabilistic elements are involved (Keeney 
and Raiffa 1976). For example, suppose there are two attributes, X and Y. If preferences 
for levels of attribute X do not depend on the level of attribute Y, an attribute X is said to 
be preference independent of another attribute Y. Utility independence, on the other 
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hand, concerns the cardinal preferences of the decision-maker (Keeney and Raiffa 1976). 
For example, if preferences for uncertain choices such as lotteries involving different 
levels of attribute X do not depend on the level of attribute Y, an attribute X is said to be 
utility independent of another attribute Y. Full mutual utility independence is almost 
impossible in reality, but the assumption is commonly made since to do otherwise would 
make the analysis too difficult (Hardaker 2004). It is very important to ascertain whether 
any of the preferential independence or utility independence assumptions discussed 
above is appropriate for this research.  
 
3.3.2 Forms of the Utility Function 
If mutual preferential and utility independence are satisfied, it is possible to 
define the multi-attribute utility function in the general form (Clemen and Reilly 2001):  
( ) { }1 2 1 1 2 2, , , ( ), ( ), , ( )I IU x x x U u x u x u x… = K I
( )i
⎫⎬
                 (3-37) 
Once each single-attribute utility function ui(xi) is derived for its attribute measure, these 
individual utility values are combined in some way into a final utility value. 
 If single-attribute utility functions ui(xi) are scaled from zero to one, and if U is 








U x x x k u x
=
… = ∑                    (3-38) 
or of the multiplicative form (Hardaker 2004): 
( ) ( )( )1 2
1
, , , 1 1 /
I
I i i i
i
U x x x K k u x K
=
⎧… = ⋅ + −⎨⎩ ⎭∏                  (3-39) 
where ui(xi) is a single-attribute utility function scaled from 0 to 1, ki is a scaling factor 
between zero and one for ui(xi). K is another scaling constant and the value of K depends 
on the values ki. If Σki = 1, then K = 0 and U takes the additive form as expressed in Eq. 
(3-38) and it indicates there is no interaction between each attribute. In contrast, if Σki ≠ 
1, then K ≠ 0 and U takes the multiplicative form as expressed in Eq. (3-39). If K is 
greater than 0, then the attributes interact destructively so that a low utility for one 
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attribute can result in a low overall utility U. On the other hand, when K is less than 0, 
the attributes interact constructively so that a high individual attribute utility results in a 
high overall utility U. Keeney (1974) describes more detail information about the 
derivation of K from the ki values in the multiplicative case. 
 
3.3.3 Sensitivity Analysis 
Sensitivity analysis for multi-attribute utility problems can be categorized based 
on the number of times an optimization routine needs to be run to analyze sensitivity 
(Guikema and Milke 2003). If various individuals have distinct weight combinations for 
multi-attribute utility problems, each combination could be given as a discrete weight 
combination to the optimization routine and any result change in the technology selected 
would indicate sensitivity to an individual’s choice of weight combination. In this case, 
not only does relatively few optimization need to be run, but also relatively little post-
processing of the optimization results is needed to evaluate sensitivity (Guikema and 
Milke 2003). The sensitivity analysis for discrete weight combinations of multi-attribute 
utility problems has been addressed many times in the literature. Call and Merkhofer 
(1988), for example, developed one approach to sensitivity analysis using predefined 
weight combinations (i.e., high and low for each attribute).  
On the other hand, if decision-makers do not feel confident enough in their 
assessments to specify precise values, uncertainties of input parameters such as the 
weights of each attribute in multi-attribute utility problems can arise. In this case the 
proper values can lie anywhere within a possibly wide range of values specified by the 
decision-makers. For this type of sensitivity analysis, multiple optimizations need to be 
run and the breakpoints become important. In this research, for example, the breakpoints 
where the optimal drilling systems change are very important aspect. This type of 
sensitivity analysis is more difficult and time consuming than discrete sensitivity 
analysis. Significantly less has been addressed for this type of sensitivity analysis in the 
literature than for the discrete sensitivity analysis.  
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4. PARAMETRIC STUDY OF FOUNDATIONS FOR DRILL SITES 
 
4.1 Foundation Options for Drill Sites 
After having several meetings with EFD foundation experts, some of possible 
foundation options for a drilling site containing the advantage and disadvantage 
associated with those options are identified as shown in Table 4-1.  
 
Table 4-1. Foundation options for a drilling site 
1. Gravel pad Advantages 
• Easier and faster installation 
• Maybe cheaper in construction stage 
Disadvantages 
 
• Less environmentally friendly 
• Non-resuable 
2. Composite mat Advantages 
• Easier and faster installation 
• Great effect on small loading area 
over soft soil (E<10 MPa) 
Disadvantages 
 
• Less effect on large loading area 
over stiff soil (E>50 MPa) 
3. Spread footing Advantages 
• Simple and no discharge 
• Uplift on marshes 
• Easy to remove on rock 
Disadvantages 
 
• No uplift on rock 
• Suitable contact on rock 
• Hard to remove on marsh 
 27
Table 4-1. Continued 
4. Screw anchor Advantages 
• Light equipment 
• No discharge 
• Removable 
• Uplift capacity 
Disadvantages 
 
• Limited to soft soils 
5. Bored pile Advantages 
• Drill through any soil 
• Noise level is low 
• Familiar technology 
Disadvantages 
 
• Drilling fluid in marsh 
• Equipment heavier 
• Access 
• More complicated 
6. Driven pile Advantages 
• Uplift capacity 
• Minimal imprint 
• Vibratory is less noisy 
Disadvantages 
 
• Equipment heavier 
• Access 
• More complicated 
• Vibratory limited to some soils 
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Among those foundation options, three different foundations (i.e., driven pile, 
bored pile, and composite mat) for drill sites are considered for the parametric study in 
the following Section 4.2 through 4.3. In order to encourage site location engineers to 
use environmentally friendly foundations such as elevated platforms and composite mat 
systems more often for their drilling sites instead of using gravel pads, the parametric 
study is an essential task in this research. 
 
4.2 Pile Foundation Designs for Low Impact Onshore Platforms 
Environmental issues are a significant part of every industry. The petroleum 
industry endeavors to minimize the existing environmental impact during drilling 
operations whether developing new resources or extending field in environmentally 
sensitive areas. For example, reducing the environmental footprint during drilling 
operations using a reusable Modular Platform and small mobile rig in the Arctic was 
demonstrated in 2003 by Anadarko and Noble’s Subsidiary, Maurer technology Inc.. 
The objective was to drill in an ecologically sensitive area without disturbing the ground 
surface. The successful demonstration used a small mining rig to evaluate the potential 
of drilling for hydrates under the frozen tundra of the Alaska North Slope (Kadaster and 
Millheim 2004) and showed the usefulness of an onshore platform to drill in sensitive 
areas.  
The objective of this study is to help the petroleum industry engineers to get a 
basic idea regarding pile designs of a platform for various platform weights and soil 
conditions in environmentally sensitive areas (e.g., desert environments and wetland 
applications). Use of a raised platform in environmentally sensitive areas will require the 
use of piles to support the elevated platform instead of gravel pads as used in a 
conventional platform. About one thousand different cases of pile capacity calculations 
are conducted depending on various soil types, pile types, and design methods. The 
results of these calculations are organized into a series of tables in order for the engineer 
to be able to easily choose an appropriate pile size for a given condition from these 
tables without performing an extensive pile design analysis. 
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4.2.1 Description of the General Case 
Anadarko’s onshore platform in Alaska (Kadaster and Millheim 2004) is adopted 
for the foundation design of the general case. The platform consists of “bucket” modules 
(12.5 ft wide, 50 ft long, and 3.5 ft deep), piles for its leg, and drilling rig components. 
Figure 4-1 shows the dimension of one module, Figure 4-2 shows the plan view of 
several modules connected each other, and Figure 4-3 shows the cross sectional view of 
the platform. It is assumed that the mast is 90 ft high, 10 ft long and the living quarter is 









Figure 4-2. Plan view of modules 
3.5 ft  
12.5 ft  
4 ft  

















Figure 4-3 Cross section of the platform for one module in design 
 
4.2.1.1 Soil Conditions 
Pile capacities are strongly affected by the underlying soil type. If there is very 
dense sand under the ground, a pile will resist a much higher applied load than a pile in 
loose sand. Although it is highly desirable to calculate pile capacities in a site specific 
fashion, six typical types of soils are considered in this report. Furthermore, a 
homogeneous condition with respect to depth is assumed for simplicity in the 




Table 4-2. Soil conditions of pile capacity calculations 













γsat = 127 pcf 
G.W.L = 20 ft 
NSPT = 50 bpf 
γsat = 120 pcf 
G.W.L = 10 ft 
NSPT = 30 bpf 
γsat = 115 pcf 
G.W.L = 0 ft 
NSPT = 10 bpf 
γsat = 127 pcf 
G.W.L = 20 ft 
su = 2090 psf 
γsat = 120 pcf 
G.W.L = 10 ft 
su = 1255 psf 
γsat = 115 pcf 
G.W.L = 0 ft 
su = 0.25 P0’ 
Note:   P0’ = effective overburden pressure (psf) 
     G.W.L = ground water depth measured from the ground surface  
 
4.2.1.2 Weight Distribution on Platform 
For the general case, it is assumed that 65% of the total vertical loads are evenly 
distributed over 6 modules and that this load consists of dead load (30%) and live load 
(70%).  
The wind load is one of the primary sources of horizontal loads against a 





ρ=                          (4-1) 
where, W = wind force, V = wind speed 
 Cs = dimensionless shape coefficient for perpendicular wind approach angles 
with respect to each projected area 
 A = area of object perpendicular to the wind 
 ρ = mass density of air at standard temperature and pressures 
 = 1.226 kg/m3 = 0.00238 lb·sec2/ft4) 








zzhrVzhrV                     (4-2) 
where, = one hour mean speed at the reference elevation (m/s, ft/s) ),1( RzhrV
 = reference elevation (= 10m or 33ft) Rz
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According to API RP2A-LRFD (2003), the extreme wind speed to be considered 
in design for the Gulf of Mexico area is 49 m/s. In this report, 25m/s and 49m/s are 
assumed for operational and extreme wind speeds, respectively. More detailed load 
calculations in the general case can be found in APPENDIX A. 
 
4.2.1.3 Pile Capacity Check 
For the general case, the capacities of the driven steel pipe piles and bored piles 
are calculated in accordance with the LRFD and WSD methods. The step-by-step 
calculations can be found in APPENDIX A. First, the axial capacity is checked against 
the applied loads. Second, the lateral capacity is checked for the free head condition. 
Finally, the lateral capacity in the fixed head condition is evaluated.  
 
4.2.1.4 Results Summary 
Based on the pile capacity calculations in the general case, the following four 
tables (Table 4-3 ~ 4-6) provide a simple way to choose an appropriate pile size for a 
given condition. Once the soil type and the applied loads are known, the desirable pile 
size can be decided by following procedure; 
1. Choose a design method: LRFD or WSD 
2. Choose a pile type: driven or bored 
3. Go to a table corresponding to the selected design method and pile type 










Table 4-3. Recommended size of driven piles in the general case (LRFD) 
very loose medium very dense soft medium hard
γsat = 115 pcf
G.W.L = 0 ft
NSPT = 10 bpf
γsat = 120 pcf
G.W.L = 10 ft
NSPT = 30 bpf
γsat = 127 pcf
G.W.L = 20 ft
NSPT = 50 bpf
γsat = 115 pcf
G.W.L = 0 ft
Su = 0.25 Po'
γsat = 120 pcf
G.W.L = 10 ft
Su = 60 kPa
γsat = 127 pcf
G.W.L = 20 ft
Su = 100 kPa
D = 24 in.  D = 24 in.  D = 12 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 58 ft  L = 26 ft  L = 28 ft  L = 70 ft  L = 41 ft  L = 27 ft  
D = 24 in.  D = 24 in.  D = 16 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 64 ft  L = 30 ft  L = 21 ft  L = 75 ft  L = 47 ft  L = 32 ft  
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 69 ft  L = 33 ft  L = 17 ft  L = 81 ft  L = 52 ft  L = 36 ft  
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 79 ft  L = 40 ft  L = 21 ft  L = 91 ft  L = 63 ft  L = 45 ft  
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 20 in.  
L = 94 ft  L = 48 ft  L = 27 ft  L = 104 ft  L = 77 ft  L = 66 ft  
1500 kips  207.8 kips  
2000 kips  237.6 kips  
3000 kips
4000 kips
Sand & Gravels Silts & Clays        
          Soil types
Factored 
max. vertical 





1000 kips  178.0 kips  
 297.1 kips  
 356.7 kips  
 
 
Table 4-4. Recommended size of driven piles in the general case (WSD) 
very loose medium very dense soft medium hard
γsat = 115 pcf
G.W.L = 0 ft
NSPT = 10 bpf
γsat = 120 pcf
G.W.L = 10 ft
NSPT = 30 bpf
γsat = 127 pcf
G.W.L = 20 ft
NSPT = 50 bpf
γsat = 115 pcf
G.W.L = 0 ft
Su = 0.25 Po'
γsat = 120 pcf
G.W.L = 10 ft
Su = 60 kPa
γsat = 127 pcf
G.W.L = 20 ft
Su = 100 kPa
D = 24 in.  D = 24 in.  D = 16 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 57 ft  L = 25 ft  L = 20 ft  L = 68 ft  L = 39 ft  L = 26 ft  
D = 24 in.  D = 24 in.  D = 16 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 63 ft  L = 29 ft  L = 21 ft  L = 74 ft  L = 46 ft  L = 31 ft  
D = 20 in.  D = 24 in.  D = 20 in.  D = 20 in.  D = 24 in.  D = 24 in.  
L = 79 ft  L = 33 ft  L = 17 ft  L = 89 ft  L = 52 ft  L = 36 ft  
D = 24 in.  D = 24 in.  D = 20 in.  D = 20 in.  D = 20 in.  D = 24 in.  
L = 79 ft  L = 40 ft  L = 21 ft  L = 101 ft  L = 74 ft  L = 45 ft  
D = 24 in.  D = 20 in.  D = 16 in.  D = 24 in.  D = 24 in.  D = 24 in.  





        
          Soil types
Unfactored
max. vertical 
loads on one pile
Sand & Gravels Silts & Clays
1000 kips  141.9 kips  
1500 kips  169.0 kips  
4000 kips  304.4 kips  
2000 kips  196.0 kips  








Table 4-5. Recommended size of bored piles in the general case (LRFD) 
very loose medium very dense soft medium hard
γsat = 115 pcf
G.W.L = 0 ft
NSPT = 10 bpf
γsat = 120 pcf
G.W.L = 10 ft
NSPT = 30 bpf
γsat = 127 pcf
G.W.L = 20 ft
NSPT = 50 bpf
γsat = 115 pcf
G.W.L = 0 ft
Su = 0.25 Po'
γsat = 120 pcf
G.W.L = 10 ft
Su = 60 kPa
γsat = 127 pcf
G.W.L = 20 ft
Su = 100 kPa
D = 24 in.  D = 20 in.  D = 16 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 38 ft  L = 19 ft  L = 19 ft  L = 85 ft  L = 41 ft  L = 24 ft  
D = 24 in.  D = 20 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 46 ft  L = 26 ft  L = 19 ft  L = 97 ft  L = 53 ft  L = 31 ft  
D = 24 in.  D = 20 in.  D = 16 in.  D = 24 in.  D = 24 in.  D = 20 in.  
L = 54 ft  L = 32 ft  L = 31 ft  L = 109 ft  L = 66 ft  L = 48 ft  
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 70 ft  L = 36 ft  L = 33 ft  L = 131 ft  L = 94 ft  L = 56 ft  
D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 86 ft  L = 46 ft  L = 34 ft  L = 149 ft  L = 122 ft  L = 73 ft  






          Soil types
Factored
max. vertical
loads on one pile
Sand & Gravels Silts & Clays
1000 kips  178.0 kips  
1500 kips  207.8 kips  
4000 kips  356.7 kips  
2000 kips  237.6 kips  
3000 kips  297.1 kips  
 
 
Table 4-6. Recommended size of bored piles in the general case (WSD) 
very loose medium very dense soft medium hard
γsat = 115 pcf
G.W.L = 0 ft
NSPT = 10 bpf
γsat = 120 pcf
G.W.L = 10 ft
NSPT = 30 bpf
γsat = 127 pcf
G.W.L = 20 ft
NSPT = 50 bpf
γsat = 115 pcf
G.W.L = 0 ft
Su = 0.25 Po'
γsat = 120 pcf
G.W.L = 10 ft
Su = 60 kPa
γsat = 127 pcf
G.W.L = 20 ft
Su = 100 kPa
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 53 ft  L = 24 ft  L = 21 ft  L = 108 ft  L = 65 ft  L = 39 ft  
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 60 ft  L = 29 ft  L = 26 ft  L = 118 ft  L = 78 ft  L = 46 ft  
D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 68 ft  L = 34 ft  L = 23 ft  L = 128 ft  L = 91 ft  L = 54 ft  
D = 24 in.  D = 20 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 89 ft  L = 57 ft  L = 43 ft  L = 153 ft  L = 129 ft  L = 77 ft  
D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 114 ft  L = 59 ft  L = 44 ft  L = 174 ft  L = 166 ft  L = 99 ft  
Silts & Clays        
          Soil types
Unfactored
max. vertical 









 141.9 kips  
 169.0 kips  
 196.0 kips  
3000 kips  250.2 kips  







4.2.2 Description of an Elevated Platform with Rapid Rig 
In May 2006, National Oilwell Varco (NOV) began offering a smaller, fully 
automatic land drilling rig called “Rapid Rig.” The total vertical load of Rapid Rig is 
used for the foundation calculation of the proposed modular platform. The load 
breakdown and the layout of Rapid Rig are shown in Table 4-7, Figure 4-4, and Figure 
4-5, respectively. In this case, the operating environmental condition governs the 
foundation calculation.  
 






























1. Substructure/Drillfloor package 104,000
2. Mast including installed equipment 130,000
3. Drawworks package includes Accumulator unit 91,000
4. Utilities Skid 32,500
5. Service Skid 26,000
6. Electrical Control House 39,000
7. Generator House #1 52,000
8. Generator House #2 52,000
9. Air Compressor House 39,000
10. Mud Pump #1 71,500
11. Mud Pump #2 71,500
12. Pipe Handling equipment 45,500
Control House skid including choke manifold 29,900
Choke Manifold hauled on same trailer 19,500
Mud Tank Skid #1 (Empty) 52,000
Mud Tank Skid #1 (Full) 204,750 307,125 375 barrels, 13 lbs/gal
Mud Tank Skid #2 (Empty) 52,000
Mud Tank Skid #2 (Full) 204,750 307,125 375 barrels, 13 lbs/gal
Water Tank (Empty) 26,000
Water Tank (Full) 139,440 209,160 400 barrels, 8.3 lbs/gal
17. Work shop/Storage Skid 26,000
18. Fuel Tank Skid 13,000
19. Casing 530,000 795,000 53 lbs/ft, 10000 ft
20. Pipes 234,000 351,000 19.5 lbs/ft, 12000 ft
21. Collars 2,720 4,080 80 lbs/ft, 34 ft


















































Figure 4-5. Three dimensional (3-D) layout of Rapid Rig 
 37
4.2.2.1 Soil Conditions 
The six soil conditions adopted for the general foundation calculations are used 
for the Rapid Rig foundation calculation (i.e., very dense, medium, and very loose for 
sand; hard, medium, and soft for clay). 
 
4.2.2.2 Weight Distribution on the Platform 
In order to calculate the load distribution of Rapid Rig on the proposed modular 
platform, a numerical analysis program, VisualFEA, is used. Since the wind load in 
Rapid Rig is significantly smaller than that in the general case, the dead and live loads 
governed the design. The following assumptions are made to perform the numerical 
analysis for this problem: 
1. Young’s modulus (E) for the aluminum material of each module is 1.44E + 09 psf. 
2. The modules are in the form of upside down aluminum boxes. The deck of these 
modules is 6 inches thick. In order to simplify the mesh generation for the numerical 
simulations, the modules are modeled as flat plates (called thin shells in Finite 
Element Analysis) which are 6 inches thick. This is a conservative assumption since 
it ignores the stiffness benefit derived from the 4 ft thickness of the side beams 
(Figure 4-1). 
3. Self weight of modules is not considered in this analysis. 
4. Rigid boundary conditions are adopted (The supports of the platform do not settle). 
Four node quadrilateral elements are used in this analysis and the applied load layout of 













Figure 4-6. The applied load layout of Rapid Rig on the proposed platform 
 
The pile reaction forces and the deformation of the deck on the modules are 
calculated by using only four piles for each module as shown in Figures 4-7 ~ 4-9. 
According to the results, the most critical pile reaction force and deformation are 208.3 
kips, and 0.934 ft, respectively. Since 0.934 ft is not an acceptable deformation, several 
critical modules are required to have six piles, each. The results of the analysis using six 
piles for critical modules are shown in Figures 4-10 ~ 4-12. 
 
1.414 0.043
20.400 76.570 1.885 1.676
34.170 208.300 80.080 12.530
32.520 220.700 190.100 30.840
16.840 121.200 117.800 69.450
7.168 66.790 202.700 129.600
3.761 23.840 188.600 125.600
3.482 37.320 69.440 57.390


























Figure 4-9. Module deformed shape (using only four piles per module) 
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0.250 134.900 126.300 34.410 44.210 21.330 0.160 0.081
143.500 130.100 120.100 123.800 65.080 0.907 0.266
0.727 76.540 14.530 23.800 42.710 4.209 0.613
3.582 54.710 32.750 65.200 286.400 14.890 0.887
3.497 22.140 40.020 59.570 275.000 15.600 0.880
3.524 42.420 8.445 21.870 6.679 0.612
3.710 66.380 5.056 0.298
3.050 65.340 8.187 0.174
0.534 6.147 1.254 0.044
A B
CD  




Figure 4-11. Module deformation [ft], (using six piles for critical modules)  
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Figure 4-12. Module deformed shape (using six piles for critical modules)  
4.2.2.3 LRFD Method 
In the case of Rapid Rig, the pile capacity calculations are performed for the 
driven steel pipe piles and bored piles in accordance with the LRFD method. The 
maximum reaction force obtained from the Finite Element simulations as described in 
Section 4.2.2.2 is considered as an applied load for generating the recommended pile 
selection tables in the Rapid Rig case similar to the tables in the general case. Since this 
force is the maximum value over the platform, it is conservative to choose one size of 
pile based on the maximum force and to apply it for all other piles. 
As can be seen in Figure 4-10, the reaction forces on most piles besides the two 
piles right underneath the mast are significantly lower than the maximum reaction value. 
Therefore, if a single size of pile is used for the whole area, it is not an economical 
design. Instead, Table 4-3 and 4-6 developed in the general case can be used to choose a 








4.2.2.4 Results Summary 
le capacity calculations in the case of Rapid Rig, two tables 
(Table 
Based on the pi
4-8 ~ 4-9) are developed to provide a simple way to choose an appropriate pile 
size for various soil conditions according to the LRFD method. 
 
Table 4-8. Recommended size of driven piles in the Rapid Rig case (LRFD) 
very loose medium very dense soft medium hard
γsat = 115 pcf
G.W.L = 0 ft
N  = 10 bpf
γsat = 120 pcf
G.W.L = 10 ft
N  = 30 bpf
γsat = 127 pcf
G.W.L = 20 ft
N  = 50 bpf
γsat = 115 pcf
G.W.L = 0 ft
Su = 0.25 P '
Sand & Gravels Silts & Clays        
          Soil types
Factored 
max. vertical 
SPT SPT SPT o
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 84 ft  L = 43 ft  L = 23 ft  L = 96 ft  L = 68 ft  L = 48 ft  





γsat = 120 pcf
G.W.L = 10 ft
Su = 60 kPa
γsat = 127 pcf
G.W.L = 20 ft
Su = 100 kPa
1594 kips  286.4 kips  
 
 
Table 4-9. Recommended size of bored piles in the Rapid Rig case (LRFD) 
 
 
very loose medium very dense soft medium hard
t = 115 pcf
W.L = 0 ft
γsat = 120 pcf
G.W.L = 10 ft
γsat = 127 pcf
G.W.L = 20 ft
γsat = 115 pcf
G.W.L = 0 ft
γsat = 120 pcf
G.W.L = 10 ft
γsat = 127 pcf











NSPT = 10 bpf NSPT = 30 bpf NSPT = 50 bpf Su = 0.25 Po' Su = 60 kPa Su = 100 kPa
D = 24 in.  D = 24 in.  D = 20 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 75 ft  L = 40 ft  L = 36 ft  L = 137 ft  L = 103 ft  L = 62 ft  
 (where, Po' = effective overburden pressure, G.W.L. = ground water depth measured from the ground
loads on one pile
 Sand & Gravels Silts & Clays
W
Ri
1594 kips  286.4 kips  
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4.2.3 Description of an Elevated Platform with Rapid Rig and a Wind Turbine 
Generation of power for drilling and production operations by wind is a feasible 
approach in environmentally sensitive areas. The total vertical load of a wind turbine 
manufactured by Made, (a Spanish company with a specialty in wind and solar 
technology), is used for the foundation calculation of the proposed modular platform. 
Technical characteristics of the wind turbine chosen for this calculation are shown in 
able 4-10. The load breakdown and the layout of Rapid Rig with the wind turbine are 
shown in Table 4-11, Table 4-12, Figure 4-13, and Figure 4-14, respectively. Since the 
wind load is considerably high for the wind turbine, the operating environmental 
condition and extreme environmental condition are both considered in this foundation 
calculation.  
 
Table 4-10. Specification of the wind turbine 
Rated power 660 kW 
T
Rotor diameter 46 m 
Power control 1662 m2 
Yaw system Upwind, active 
Rotor swept area 1662 m 2 
Number of blades 3 
Blade type LM 21 
Rotor speed 25,5 / 17 rpm 
Hub height 45 m 
Rotor 
Tilt angle 5º 
Rotor 12.000 kg 
Nacelle (without rotor) 25.000 kg 
Tower 40.000 kg (43.5 m) 
Weights 
Estimation 
Total weight 70.000 kg (43.5 tower) 
[Source: http://www.made.es/06/english/html/ae_46.html] 
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Table 4-11. Load breakdown of Rapid Rig with the wind turbine in operating condition 
= 1.3
= 1.5
1. Substructure/Drillfloor package 80,000 104,000 10 58.5
2. Mast including installed equipment 100,000 130,000 18 25
3. Drawworks package includes Accumulator unit 70,000 91,000 10 29
4. Utilities Skid 25,000 32,500 10 28
5. Service Skid 20,000 26,000 10 38.75
6. Electrical Control House 30,000 39,000 10 42
7. Generator House #1 40,000 52,000 10 27.5
8. Generator House #2 40,000 52,000 10 27.5
9. Air Compressor House 30,000 39,000 10 27.5
10. Mud Pump #1 55,000 71,500 8.75 22
11. Mud Pump #2













55,000 71,500 8.75 22
quipment 35,000 45,500 3 80
Cont  House skid including choke manifold 23,000 29,900 18 12.5
Choke Manifold hauled on sa 14
Mud Tank Skid #1 (Empty) 55
Mud Tank Skid #1 (Full) 204,750 307,1 55 375 barrels, 13 lbs/gal
Mud Tank Skid #2 (Empty) ,000 52,00 25 55
Mud Tank Skid #2 (Full) 204,750 307,1 55 375 barrels, 13 lbs/gal
Water Tank (Empty) 20,000 26,00
Wate 139,440 209,1 5 400 barrels, 8.3 lbs/gal
17. Work id 26,00 10 27.5
18. Fuel Tank Skid 13,00 30
19. Casing 530,000 795,0  lbs/ft, 10000 ft
20. Pipes 234,000 351,0 .5 lbs/ft, 12000 ft
21. Collars 2,720 4,08 8 25 80 lbs/ft, 34 ft
22. Drill collars 60,000 90,00 6000 lbs x 10

















00 18 25 53
8 25 1900 1
10
0 18 25











902,000 1,375,660 3,236,090  
 
For the operating environmental condition, the load factors of dead load, live 
load, and wind load are 1.3, 1.5, and 1.2, respectively.  
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1. Substructure/Drillfloor package 88,000
2. Mast including installed equipment 110,000
3. Drawworks package includes Accumulator unit 77,000
4. Utilities Skid 27,500
5. Service Skid 22,000
6. Electrical Control House 33,000
7. Generator House #1 44,000
8. Generator House #2 44,000
9. Air Compressor House 33,000
10. Mud Pump #1 60,500
11. Mud Pump #2 60,500
12. Pipe Handling equipment 38,500
Control House skid including choke manifold 25,300
Choke Manifold hauled on same trailer 16,500
Mud Tank Skid #1 (Empty) 44,000
Mud Tank Skid #1 (Full) 204,750 225,225 375 barrels, 13 lbs/gal
Mud Tank Skid #2 (Empty) 44,000
Mud Tank Skid #2 (Full) 204,750 225,225 375 barrels, 13 lbs/gal
Water Tank (Empty) 22,000
Water Tank (Full) 139,440 153,384 400 barrels, 8.3 lbs/gal
17. Work shop/Storage Skid 22,000
18. Fuel Tank Skid 11,000
19. Casing 530,000 583,000 53 lbs/ft, 10000 ft
20. Pipes 234,000 257,400 19.5 lbs/ft, 12000 ft
21. Collars 2,720 2,992 80 lbs/ft, 34 ft
22. Drill collars 60,000 66,000 6000 lbs x 10

























For the extreme environmental condition, the load factors of dead load, live lo






Figure 4-13. Layout of Rapid Rig and the wind turbine 
 
 




























4.2.3.1 Soil Conditions 
The six soil conditions adopted for the general foundation calculations are used 
for this foundation calculation (i.e., very dense, medium, very loose for sand; hard, 
medium, soft for clay). 
 
4.2.3.2 Weight Distribution on Platform 
In order to calculate the load distribution of Rapid Rig with the wind turbine on 
the proposed modular platform, a numerical analysis program, VisualFEA, is used. Since 
the height of the wind turbine is around 150 ft, the wind load should be considered in 
this analysis. Following assumptions are made to perform the numerical analysis for this 
problem: 
1. Young’s modulus (E) for the aluminum material of each module is 1.44E + 09 psf. 
2. The modules are represented by a 6 inches thick plate. 
3. Self weight of modules is not considered in this analysis. 
4. Rigid bounda
Four node quadrilateral elements are used in this analysis and the applied load layout of 
Rapid Rig with the wind turbine is shown in Figure 4-15.  
 
Figure 4-15. Applied load layout of Rapid Rig and the wind turbine 
 







The pile reaction forces and the deformation of the deck on the modules are 
calcula . 
r the 
l condition and the extreme environmental condition are 221.7 
ips, 0.909 ft, 167.4 kips, and 1.054 ft, respectively. Since 1.0 ft is not an acceptable 
quired to have six piles, each. The results of 
the ana
 







ted by using only four piles for each module as shown in Figures 4-16 ~ 4-21
According to the results, the most critical pile reaction force and deformation fo
operating environmenta
k
deformation, several critical modules are re
lysis using six piles for critical modules are shown in Figure 4-22 ~ 4-27.  
 
 
1.169 -10.010 -15.490 22.050 30.
20.220 78.770 -8.521 70.930 27.620
33.990
010
209.500 75.130 39.650 13.870
72.680 -5.925
56.860 -6.228
3.893 60.170 19.350 9.500 -4.010
3.527 59.530 11.400 -1.643 -2.632
0.696 6.117 -5.094 -6.597 -0.035
32.360 221.700 186.500 42.790 1.262
16.720 121.800 116.200
7.077 67.220 202.200 130.600 -8.261






Figure 4-17. Module deformation [ft] in operating condition 
 
 









Figure 4-19. Pile reaction force [kips] in extreme condition  
0.688 -6.844 -17.700 83.220 88.770
15.050 59.940 -13.970 142.200 51.820
25.400 156.700 56.830 -29.330 -26.300
24.360 167.400 143.600 -25.180 -38.390
12.850 98.220 96.700 42.660 -16.290
5.700 56.890 166.000 99.960 -9.249
3.072 21.330 145.500 93.920 -6.484
2.871 32.720 50.480 41.200 -4.519
3.243 51.600 14.910 6.378 -2.801
2.918 50.910 9.449 -1.682 -1.900















Figure 4-21. Module deformed shape in extreme condition 
 
  
Figure 4- x piles)  
1.115 -3.324 -2.083 4.972 28.850 5.825
1.738 29.140 -7.442 15.720 87.610 .440
0.252 134.900 126.300 34.590 44.790 17.150 5.186 26.750 4.162
-1.674 143.500 130.100 119.900 124.000 66.220 0.341 14.130 0.326
0.727 76.540 14.510 23.880 43.640 2.568 -0.174
3.582 54.710 32.730 65.390 289.600 14.350 0.632
3.497 22.140 40.080 59.270 272.300 15.350 0.839
3.524 42.420 8.277 21.370 6.594 0.621
3.710 66.380 5.083 -0.699 0.311
3.050 65.340 8.210 -1.488 0.179
0.534 6.146 1.256 -0.732 9










Figure 4-23. Module deformation [ft] in operating condition (using six piles) 
 







Figure 4-25. Pile reaction force [kips] in extreme condition (using six piles)  
Figure 4-26. Module deformation [ft] in extreme condition (using six piles) 
0.836 -2.395 -2.490 18.810 94.190 20.120
1.305 21.770 -6.094 46.270 232.200 28.770
0.057 99.440 93.950 26.480 34.060 9.383 -26.280 -120.400 -16.780
-1.550 111.400 98.080 89.570 92.580 54.680 -19.760 -74.370 -14.560
0.594 63.610 11.620 18.990 38.550 5.028 0.606
3.045 46.410 28.270 54.410 241.300 13.310 1.145
2.968 18.630 34.810 46.090 193.000 12.720 0.900
2.986 35.880 5.658 11.980 5.710 0.568
3.141 56.200 4.684 -0.231 0.263
2.581 55.300 7.119 -1.134 0.145













Figure 4-27. Module deformed shape in extreme condition (using six piles) 
 
4.2.3.3 LRFD Method 
In the case of Rapid Rig and the wind turbine, the pile capacity calculations are 
performed for the driven steel pipe piles and bored piles in accordance with the LRFD 
method. The maximum reaction force obtained from the 3-D simulations as described in 
Section 4.2.3.2 is considered as an applied load for generating the recommended pile 
selection tables in the Rapid Rig with wind turbine case similar to the tables in the 
general case. Since this force is the maximum value over the platform, it is conservative 
to choose one size of pile based on the maximum force and to apply it for all other piles. 
As can be seen in Figure 4-22 and Figure 4-25, the reaction forces on most piles 
besides the four piles right underneath the mast and the wind turbine are significantly 
lower than the maximum reaction value. Therefore, if a single size of pile is used for the 
whole area, it is not an economical design. Instead, Table 4-3 and 4-6 developed in the 
general case can be used to choose a proper size for those piles subjected to relatively 
low reaction forces.  
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4.2.3.4 Results Summary 
Based on the pile capacity calculations in the case of Rapid Rig with the wind 
turbine, two tables (Table 4-13 ~ 4-14) are developed to provide a simple way to choose 
an appropriate pile size for various soil conditions according to the LRFD method. 
 
Table 4-13. Recommended size of driven piles in the Rapid Rig with wind turbine case 
 
 
Table 4-14. Recommended size of bored piles in the Rapid Rig with wind turbine ca
 
 
4.2.4 Construction Strategies of Pile Foundation 
In this section, four different construction methods of a driven steel pipe pile for 
an elevated platform with Rapid Rig are described for one specific soil condition with 
the LRFD method. The soil condition is assumed “Very dense sand” and the required 
soil parameters are shown in Figure 4-28.  
Rapid Rig is placed on the platform as shown in Figure 4-29. It is noted that the 
layout shown in Figure 4-29 is not the same as the one shown in Figure 4-4. This is 
becaus  used 
in this study as many as possible since the c st of each module is very high. The refined 
se 
e EFD subject matter experts decided to reduce the number of modules being
o
very loose medium very dense soft medium hard
γsat = 115 pcf
G.W.L = 0 ft
NSPT = 10 bpf
γsat = 120 pcf
G.W.L = 10 ft
NSPT = 30 bpf
γsat = 127 pcf
G.W.L = 20 ft
NSPT = 50 bpf
γsat = 115 pcf
G.W.L = 0 ft
Su = 0.25 Po'
γsat = 120 pcf
G.W.L = 10 ft
Su = 60 kPa
γsat = 127 pcf
G.W.L = 20 ft
Su = 100 kPa
D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 76 ft  L = 40 ft  L = 29 ft  L = 137 ft  L = 104 ft  L = 62 ft  







loads on one pile
 
          Soil types
Sand & Gravels Silts & Clays
1748 kips  289.6 kips  
very loose medium very dense soft medium hard
γsat = 115 pcf
G.W.L = 0 ft
NSPT = 10 bpf
γsat = 120 pcf
G.W.L = 10 ft
NSPT = 30 bpf
γsat = 127 pcf
G.W.L = 20 ft
NSPT = 50 bpf
γsat = 115 pcf
G.W.L = 0 ft
Su = 0.25 Po'
γsat = 120 pcf
G.W.L = 10 ft
Su = 60 kPa
γsat = 127 pcf
G.W.L = 20 ft
Su = 100 kPa
D = 24 in.  D = 24 in.  D = 16 in.  D = 24 in.  D = 24 in.  D = 24 in.  
L = 84 ft  L = 43 ft  L = 33 ft  L = 96 ft  L = 68 ft  L = 49 ft  
 (where, Po' = effective overburden pressure, G.W.L. = ground water depth measured from the ground surface,
Sand & Gravels Silts & Clays 
          Soil types
Factored
max. vertical





1748 kips  289.6 kips  
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platform consists of 24 aluminum modules (40 modules were initially used in Figure 4-
4) and 45 piles as shown in Figure 4-30. Figure 4-30 also shows the reaction force on 
each pile and each pile is numbered as shown in Figure 4-31. The dimension of each 









Figure 4-28. Assumed soil condition 
 
 
Figure 4-29. Layout of Rapid Rig on the elevated platform 
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35.830 88.980 17.080 -3.315 1.280
56.130 160.000 120.400 94.490 107.000 2.432
17.750 185.900 67.280 54.450 62.880 1.600
5.683 26.280 32.310 1.168




63.350 -24.500 252.800 112.300 -3.295
14.880 54.010 37.400 1.168
15.540 77.960
24.990 -2.896 0.739  
Figure 4-30. Reaction force on each pile [kips] 
 
1 10 13 26 37
2 11 14 22 27 38
3 12 15 23 28 39
4 16 29 4
5 17 24 30 35
6 18 25 31 36
7 19 2 4











Figure 4-31. Numbers assigned to each pile 
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In order to estimate the cost of pile foundations, ‘RSMeans (2006)’, the reference 
book of construction cost information, and several EFD experts’ inputs are used in this 
study. After gathering the cost information, Eq. (4-3) is developed to be used for the cost 
estimation of piles. Eq. (4-3) is the best fit for the piles, the range from 10 to 24 inches in 
diameter and from 10 to 100 feets in length.  
Cost = [50 + (D - 10)  2.8]  L× ×    (4-3) 
where D is the diameter in inches and L is the length in feets. 
 Four different construction strategies of pile foundation are described as follows: 
1. Optimal pile size for each pile: for each pile with its reaction force, an exhaustive 
search optimization routine is run to find the optimized pile size (i.e., diameter and 
length). Once all possible pile sizes, which satisfy the pile capacity design criteria 
described in Section 3.2, have been evaluated, the size with the lowest cost is the 
best pile size. Table 4-15 shows the optimized pile size and cost for each pile.  
2. Using same piles for the entire platform area: This is the simplest method to 
construct p 1 sustain the 
biggest applied load among all 45 piles, the pile size of no. 31 and no. 32 are used for 
the entire platform area. Table 4-16 shows the total cost of using this method. 
3. Using two piles
iles. Since no. 31 and no. 32 piles shown in Figure 4-3
: Since the reaction forces on only two piles (no. 31 and 32) are 
significantly greater than other piles, two pile sizes are used. One is for those two 
piles (no. 31 and 32) and the other one is for the remaining piles. Table 4-17 shows 
the total cost of using this method. 
4. Categorized by reaction forces: This method categorizes pile size by three different 
reaction forces: (1) the reaction force is greater than 200 kips; (2) the reaction force 
is greater than 100 kips and less than or equal to 200 kips; (3) the reaction force is 



















1 10 11 1 $550.00 24 10 10 1 $500.00
2 14 10 1 $612.00 25 12 16 1 $889.60
3 10 10 1 $500.00 26 10 10 1 $500.00
4 10 10 1 $500.00 27 20 10 1 $780.00
5 10 10 1 $500.00 28 16 10 1 $668.00
6 10 10 1 $500.00 29 10 10 1 $500.00
7 10 10 1 $500.00 30 24 15 1 $1,338.00
8 10 10 1 $500.00 31 24 15 1 $1,338.00
9 10 10 1 $500.00 32 12 10 1 $556.00
10 18 10 1 $724.00 33 10 11 1 $550.00
11 24 11 1 $981.20 34 10 10 1 $500.00
12 24 12 1 $1,070.40 35 22 10 1 $836.00
13 10 10 1 $500.00 36 20 10 1 $780.00
14 22 10 1 $836.00 37 10 10 1 $500.00
15 16 10 1 $668.00 38 10 10 1 $500.00
16 10 10 1 $500.00 39 10 10 1 $500.00




16 10 1 $668.00 41 10 10 1 $500.00
14 10 1 $612.00 42 10 10 1 $500.00
20 18 10 1 $724.00 43 10 10 1 $500.00
21 10 10 1 $500.00 44 10 10 1 $500.00
22 20 10 1 $780.00 45 10 10 1 $500.00
23 14 10 1 $612.00 $28,741.20  
 
ethod Table 4-16. Pile size for “using same pile” m
Pile no. Diameter (in.) Length (ft) Quantities Total
all 24 15 45 $60,210.00
∑ 45 $60,210.00  
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Table 4-17. Pile size for “using two piles” method 
Pile no. Diameter (in.) Length (ft) Quantities Total
30 & 31 24 15 2 $2,676.00
others 24 12 43 $46,027.00
∑ 45 $48,703.00  
 
Table 4-18. Pile size for “categorized by reaction forces” method 
Category Diameter (in.) Length (ft) Quantities Total
P > 200 kips 24 15 2 $2,676.00
100 < P ≤200 24 12 6 $6,422.00
P ≤ 100 20 10 37 $28,860.00
∑ 45 $37,958.00  
 
.2.5 Lessons Learned 
Conventional onshore drilling for oil and gas consists of placing a gravel pad for 
leveling and carr  platform as an 
alternative to the gravel pad is less intrusive and leads to a more environmentally 
friendly approach to oil and gas drilling. Since elevated drilling platforms require the use 
of piles, many different cases of pile design are conducted through Section 4.2 to give 
site location engineers a basic idea about pile foundation designs of a platform for 
various platform weights and soil conditions. The four different construction strategies 
of pile foundation are also described in Section 4.2.4. “Using optimal pile size for each 
pile” method is the least expensive method while “using same pile size for the entire 
platform” method is the most expensive method. However, in real construction, some 
other construction factors such as pile set up time and possibility of wrong pile 
placement are also required to be considered. Therefore, site location engineers should 
select the appropriate pile construction strategy based on each site condition.  
 
4
ying capacity purposes. The use of an elevated
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4.3 Feasibility of Using Composite Mat System in Drill Sites 
An er alte tive o environmentally friendly foundations for drill sites is 
composite ts. Since the total construction cost of an elevated platform is considerably 
high and the construction is time consuming, a com site m ystem an be a good 
alternative to the gravel pad. DURA-BASE Composite Mat System from Newpark mats 
and Integra  Servi  is con dered for the feasibilit udy in this section.  
 
4.3.1 Specification of DURA-BASE Composite Mat System 
The large size of DURA-BASE Composite Mat System used i this feasibility 
study. Table 4-19 shows the specification of this ma ation about 
this mat system can found  the following website kmats.com). 
 
Tab 4-19. B f info ation about DURA-BA  Com m 
oth rna f 
 ma
po at s  c
 
ted ces si y st
 is n 
t. More specific inform
be  in  (http://www.newpar
le rie rm SE posite Mat Syste
Dimensions 8 ft wide, 14 ft long, and 4 inches depth (for one layer) 
Weight 1,050 lbs 
Material High density polyethylene 
Young’s Modulus 1 GPa  2.09e+07 psf  ≈
Purchase rate $20.50/ft2 (the rate was obtain n 2006ed i ) 
Rent rate (90 days) $2.00/ft2 (the rate subject to change) 
 
4.3.2 Finite Eleme
In order to conduct a parametric study of the composite mat, a finite element 
mesh (i.e., two-dimensional axisymmetric mesh and three node triangular elements) is 
generated using a numerical analysis program, VisualFEA as shown in Figure 4-32. For 
this parametric study, the applied load area is varied from 6 inches to 10 feets in 
diameter (i.e., D = 0.5, 1.0, 2.0, 4.0, 6.0, and 10 ft) and the ratio of Young’s Modulus 
between the composite mat and the soil is varied from 1 to 100 (i.e., 1, 10, 20, and 100). 
The results of the analysis are summarized by ρ-values. The ρ-values are calculated by 
P(max) / P(applied). The P(applied) is the applied load on the mat system and the P(max) is the 
nt Analysis for the Composite Mat System 
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maximum pressure
load is 1 psf and the result summary is shown in Table 4-20. In order to better display 
the results, result graphs are summarized as shown in Figure 4-33.  
 













(Applied loads vary from D = 6” to 10’) 
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Table 4-20. ρ = P(max) / P(applied) values 
No Mat One Mat Two Mats
E(mat)/E(soil) = 1 0.437 0.175
E(mat)/E(soil) = 10 0.218 0.077
E(mat)/E(soil) = 20 0.158 0.053
E(mat)/E(soil) = 100 0.064 0.020
D = 0.5 ft 1.000
Parameters
E(mat)/E(soil) = 1 0.776 0.454
0.224
0.160





(mat)/E 1 0.995 0.985
E t)/ 0.962
t)/ 0.936
E(mat)/E(soil) = 100 1.000 0.729
0.996




D = 10 ft
E(mat)/E(soil) = 10 0.501
E /E  = 20 0.394
D = 1 ft 1.000
(mat) (soil)
E(mat)/E(soil) = 100 0.189 0.063
E(mat)/E(soil) = 1 0.955 0.807
E(mat)/E(soil) = 10 0.853 0.519D
E(mat)/E(soil) = 100 0.486 0.193







E  = 10 0.993(ma
E(ma
D = 6 ft (soil)
E(soil) = 20 1.000
1.000
D 
E(mat)/E(soil) = 1 0.999
E(mat)/E(soil) = 10 0.994 0.987
E(mat)/E(soil) = 20 0.996 0.984











































































No Mat One Mat Two Mats
ρ
E(mat)/E(soil) =  1
E(mat)/E(soil) =  10
E(mat)/E(soil) =  20
E(mat)/E(soil) =  100








No Mat One Mat Two Mats
ρ
E(mat)/E(soil) =  1
E(mat)/E(soil) =  10
E(mat)/E(soil) =  20
E(mat)/E(soil) =  100
Figure 4-33. The result summary graphs 
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No Mat One Mat Two Mats
ρ
E(mat)/E(soil) =  1
E(mat)/E(soil) =  10
E(mat)/E(soil) =  20
E(mat)/E(soil) =  100








No Mat One Mat Two Mats
ρ
E(mat)/E(soil) =  1
E(mat)/E(soil) =  10
E(mat)/E(soil) =  20
E(mat)/E(soil) =  100








No Mat One Mat Two Mats
ρ
E(mat)/E(soil) =  1
E(mat)/E(soil) =  10
E(mat)/E(soil) =  20
E(mat)/E(soil) =  100








No Mat One Mat Two Mats
ρ
E(mat)/E(soil) =  1
E(mat)/E(soil) =  10
E(mat)/E(soil) =  20
E(mat)/E(soil) =  100
Figure 4-33. Continued 
 
4.3.3 Lessons Learned 
Throughout this parametric study, it is indicated that the single layer mat system 
(one mat) can decrease the pressure up to 95% for small loading areas (i.e., D = 6” such 
as car or truck tire areas) over soft soil (i.e., Young’s Modulus is less than 10 MPa). 
Therefore, the mat system seems to be very beneficial for traffic areas such as small tires 
over soft soils. On the other hand, the single layer mat system does not provide 
significant decrease in pressure for large loading areas (i.e., D > 6’) over stiff soil (i.e., 
Young’s Modulus is greater than 50 MPa). Therefore, the mat system seems not  be 
neficial for large bins on desert soils. The double layer mat system (two 
ats) also looks beneficial for small loading areas but as applied load area increases, it 







5. SYSTEMS APPROACH FOR TECHNOLOGY SELECTION 
 
5.1 Research Methodology 
The main purpose of this research is to help decision-makers select an optimal 
drilling system for a given site in order to minimize environmental impact and maximize 
profit at that specific site. A technology evaluation protocol has been developed by EFD 
project participants and then refined based on EFD experts’ inputs and feedbacks. 
Further interaction with appropriate experts would be valuable in revising this evaluation 
protocol. The overall procedure is briefly illustrated as follows: 
Step 1: Identify main subsystems, subsets, and technologies within each subset for the 
EFD operations. 
Step 2: Define attributes and develop attribute scales to evaluate technologies. 
Step 3: Assign scores to all technologies using the attribute scales. 
Step 4: For each attribute, calculate the overall attribute score of a system by adding 
the technology scores or selecting the minimum technology score. 
Step 5: For each attribute and in order to homogenize the scores, develop a “utility 
function (ui)” to convert the overall dimensional score of a system (e.g., $, 
acres, and grades) into a non-dimensional utility value (between 0 and 1) of the 
system that reflects the decision-maker(s) value. 
Step 6: Decide on a weight factor (ki) for each attribute (ith). 
Step 7: Calculate the overall score of the system as “∑ kiui” (multi-attribute utility 
function). 
Step 8: Use optimization technique to evaluate all possible systems and to find the best 
system for a specific site. Once all possible systems have been evaluated, the 
system with the highest overall score is the best system. 
Step 9: Conduct a sensitivity analysis to examine the impacts of possible changes in 
the attribute scores, weight factors, and utility functions on the optimal system. 
Step 10: Suggest a small number of systems that should be attractive for a given site. 
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By performing the procedure illustrated above, this research provides a quantitative basis 
for suggesting appropriate drilling systems, explicitly evaluates alternatives against 
selected criteria, uses the best available information – both expert knowledge and data – 
in a coherent and logical way, and can help decision-makers with their choices of EFD 
technology for a given situation and best meet the goals of those involved. How to 
evaluate all possible systems with given information is fully described in Section 5.2 
through Section 5.9. 
 
5.2 Identify the Main Subsystems, Subsets, and Technologies within Each 
Subset for the EFD Operation 
Four main subsystems and thirteen subsets including over hundred technologies 
have been identified for the EFD operation as shown in Figure 5-1 and Figure 5-2.  
 
 
Figure 5-1. The structure of the EFD operation 
Environmentally Friendly 
Onshore Drilling System 
1. Access  2. Drill Site 3. Rig 4. Drilling 
(1) Transportation 
(2) Road construction 
 
(3) Site preparation (4) Rig type 
(5) Conventional power 
(6) Fuel types 
(7) Unconventional 
power 
(8) Energy storage 
(9) Drilling Technology
(10) Drilling Fluid type
(11) Drilling fluid and 
Waste management
(12) Cuttings treatment 
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(1) Transportation (3) Site Preparation (4) Rig Type (9) Drilling Technolo
ntional diesel truck Aluminum modules + bored piles Barge rig Overbalanced drilling
gy
Conve
Conventional diesel truck 
/noise suppressor Aluminum modules + driven piles Casing drilling rig
Overbalanced drilling 
w/noise suppressor
ow sulphur diesel truck Aluminum modules + spread footing Coiled tubing rig Underbalanced drilling
w/noise su






Low sulphur diesel truck 
w/tier III engine, Board location
ppressor w/noise suppressor
Caliche Ideal rig Managed pressure drilling
Helicopter w/noise suppressor Cement pad LOC250 (CWD) Managed pressure drilling w/noise suppressor
Hovercraft Compacted fill material Rapid Rig (10) Drilling Fluid Type
Hovercraft w/noise suppressor Compacted native material Traditional older vintage rig Aerated muds (inject gas)
Mattracks DURA-BASE Composite Mat Trailer mounted rig Dry gas and mist
Mattracks w/noise suppressor Gravel pad Truck mounted rig Energized and foam 
Rolligon Ice pad (Arctic) (5) Conventional Power Oil-based muds
Rolligon w/noise suppressor Just level out Internal combustion engine
(2) Road Construction Multiple well pad < 10 ft. well spacin Internal combustion engine w/noise suppressor
Board road Multiple well pad 10-20 ft. well spac
Visco-elastic fluids
i Internal combustion engine w/SCR Water-based muds
(small wetland) PilingBridge decks Internal combustion engine w/SCR, w/noise suppressor




ined reserve pit + solid control
E
Expanded metal ngs Treatment









Wind turbines Construct walls
Cable & wood Recycle drill cuttings Large scale utility turbines Closed loop + conta+ solid control equipm
Corduroy crossings Large scale utility turbines w/noise suppressor L
DURA-BAS  Composite Mat Lean-burn natural gas engines Open reserve pit + solid control 
 grating Lean-burn natural gas engines w/noise suppressor (12) Cutti
(6) Fuel Type Bioremediatio
Hexadeck Bi-fuel system concept Chemical fixation and solidification (CFS) 
sings Biodiesel Co-composting
E pipe mats Conventional diesel Composting
l cutting road base Low sulphur diesel Cuttings injection
Synthetic fuels Evaporation and burial onsite
Bio-gas 
Tire mats Natural gas
Wood mats (7) Unconv. Powe
Wood panels Electric power from grid Plasma arc





Electrolysis to hydrogen 
Flywheels
N/A  
Figure 5-2. List of technologies within each subset 
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Although the technology list shown in Figure 5-2 is not an exhaustive search, 
what it shows is the current and state of the art technologies for onshore operations. The 
following Figure 5-3 shows an example of the EFD technology selection. Each path 
through the subset tables represents one example of a possible EFD system.  
 
 Environmentally Friendly Onshore 
Oil and Gas Drilling System 
1. Access  2. Drill Site 4. Drilling 3. Rig 





• Gravel pad 
(4) Rig types:
• Conventional old rig 
• Rapid rig 
nsportation: 
 
• Conventional diesel 
• Underbalanced 
• Managed pressure 
 






• Low sulphur diesel 
 
• Rol
k • LOC250 
truck w/noise 
suppressor 





• Gas turbine 
-burn natural gas 
e 
(10) Drilling fluid 
type: 
l-based mud • Oi
• Water-based mud 









(7) Unconventional rig 
power: 
• Wind turbine 
• Photovoltaic 












• Open reserve pit 
• Lined reserve pit 





Cutting injection • 
• Evaporation and 
burial onsite 
(2) Road construction: 
 
• Board road 
 






• C st t lding 
• Co str t all 
• None 
Notes: 
( ): ub t number 









Figu tion re 5-3. An example of the EFD technology selec
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5.3 Develop Attributes and Attribute Scales 
An attribute is one of the parameters considered in the evaluation of the system 
(e.g., cost, land area, emission, perception, and safety). Each attribute has an attribute 
scale used to score the technology on how well it meets the objective for this attribute 
(e.g., minimizes cost, footprint, and emission while maximizes positive perception and 
safety value). 
In order to evaluate available technologies for onshore oil and gas drilling 
projects against each attribute, attribute scales that explicitly described their possible 
impacts on a project need to be specified (Keeney and Raiffa 1976). Nine attributes and 
their draft scales as defined by EFD subject matter experts are given in this section. 
These attributes should be both comprehensive and measurable (Keeney and Raiffa 
1976) but it should be noted that the attributes do not need to be directly measurable 
entity (i.e., $ and acres). Constructed attributes (i.e., perception) can be, and often are, 
used instead (Keeney 1992). The attribute scales developed in this section are draft 
scales and thus further interaction with appropriate experts would be valuable in revising 
these scales.  
1. Total cost (x1) = if purchasing a technology, then it is suggested to assume the resale 
value of the technology so as to estimate the total expenditure for the technology 
during the drilling operation. In the case study described in Section 6, the resale value 
is assumed as 80% of the original technology cost. On the other hand, if renting a 
technology, then a daily rate of the technology is required to estimate the total 
expenditure during the drilling operation; minimizing cost is preferred. 
2. Ecological footprint (x2) = the total used land area in acres; minimizing ecological 
footprint is preferred. 
3. Emissions of Environmental Protection Agency (EPA) and state regulated air 
pollutants (x3) = it is suggested by an environmental expert to consider three air 
contaminants (i.e., CO, Nox, and PM) for this attribute. The relative importance of
those contamina own in Table 5-1. 
Table 5-1 shows an example of how to calculate air emission score for each 
 
nts is CO (20%), Nox (40%), and PM (40%) as sh
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tech
(x – worst 
score)/(best score – worst score). In this calculation, the best and worst scores should 
be obtained among all possible technologies being used. Finally, calculate the overall 
air emission score of a technology as ∑ kiui (where ki is a weight factor for each air 
contaminant, ui is a non-dimensional score for each contaminant). This approach 
allows the decision-maker to make all air emission scores uniform and comparable; 
mi r emissions is preferred. 
 
Table 5-1. An example of air emission score calculation 
nology. First, estimate three contaminants’ real value for each technology in 
pounds per operating hour. Second, in order to get an overall air emission score for 
each technology, transform each contaminant’s score into a non-dimensional score 




(gram/hp-hr) 15.5 4 0.1











(lb/operating) 3250.280 838.782 68.520
U-value 0.000 0.822 0.593
(gram/hp-hr) 15.5 0.2 0.01
(lb/hp-hr) 0.03418 0.00044 0.00002
(lb/hr)/unit 10.253 0.132 0.007
(lb/operating) 369.117 4.763 0.23
U-value 0.999 0.999
(lb/MWh) 6.2 21.8 0.78
(lb/hr)/unit 6.200 21.800 0.780
(lb/hr)*portion 6.200 21.800 0.780
(lb/operating) 1339.200 4708.800 168.480
U-value 0.588 0.000 0.000
(lb/MWh) 0.7
(lb/hr)/unit 4.700 0.780
(lb/hr)*portion 6.200 4.700 0.780
(lb/operating) 1339.200 1015.200 168.480
U-value 0.588 0.784 0.000
(lb/MWh) 5 2.2 0.03
(lb/hr)/unit 5.000 2.200 0.030
(lb/hr)*portion 5.000 2.200 0.030
(lb/operating) 00 6.48
U-value 0.899 0.962
(lb/MWh) 0 0 0
(lb/hr)/unit 0.000 0.000 0.000
(lb/hr)*portion 0.000 0.000 0.000
(lb/operating) 0.000 0.000 0.000
Composite mat: Low sulphur diesel 






Gravel road: Diesel truck + dust
Internal Combustion Engine
Internal Combustion Engine with SCR






U-value 1.000 1.000 1.000  
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It is noted that the linear transformation of emissions to utility is a placeholder and this 
needs to be reevaluated by experts, perhaps on a case-by-case basis.  
4. Emissions of EPA and state regulated solid and liquid pollutants (x4) = the ordinal 
draft scale was constructed by an EFD subject matter expert as shown in Table 5-2; 
minimizing solid and liquid emissions is preferred.  
 








Closed loop  Cutting injection 1.00 
- 
Bioremediation, Composting, In-situ vitrification, 
Land spreading, Plasma arc, Microwave 
technology  
0.75 
Lined reserve pit Thermal desorption. 0.50 
- Chemical fixation and solidification 0.25 
Open reserve pit Evaporation and burial onsite 0.00 
 
5. Emissions of EPA and state regulated noise pollutants (x5) = according to 
/5; minimizing 
) = the ordinal draft scale was constructed 
Occupational Safety & health Administration (OSHA), the eight-hour time-weight 
average sound level (TWA), in decibels, is recommended as the noise emission’s 
scale. TWA may be computed from the dose, in percent, by means of the formula: 
TWA = 16.61 log(D/100) + 90. D is the noise dose, in percent: D=100 C/T (where C 
is the total length of the work day, in hours, and T is the reference duration 
corresponding to the measured sound level, L in decibel). T = 8/2(L-90)
noise emission is preferred. 
 
6. Government, as regulators, perception (x6






Table 5-3. Draft attribute scale for government perception 
Description Perception score 
Strongly Support. All parties will encourage its use and are willing to 
appropriate funds for the cause.  1.00 
Moderate Support. There is interest from a majority. Its use will be 
encouraged, but funds will not be appropriated. 0.75 
Neutrality. All parties are indifferent. There is no resistance, but there 
is also no help. 0.50  
Moderate opposition. Some resistance from the majority. Its use may 
be discouraged, but fines or restrictions won’t be imposed. 0.25 
Strong opposition. Strong resistance to its use from all parties. 
Restrictions or fines will be set up to eliminate this option. 0.00 
 
. Industry, as decision-makers, perception (x7) = the ordinal draft scale was constructed 
as shown in T
 
Table 5-4. Draft attribute scale for industry perception 
7
able 5-4; maximizing industry perception is preferred. 
Description Perception score 
Strongly Support. All parties are very interested and willing to invest 
for the facility.  1.00 
Moderate Support. All parties are interested but somewhat hesitate to 
invest for the facility. 0.75 
Neutrality. All parties are indifferent or uninterested. 0.50  
Moderate opposition. Some parties have opposition. The other parties 
are indifferent or uninterested. 0.25 
Strong opposition. No parties are willing to invest for the facility. 0.00 
 
8. General public perception (x8) = the ordinal draft scale was adapted from Keeney 
(1992) as shown in Table 5-5; maximizing public perception is preferred. 
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Table 5-5. Draft attribute scale for public perception  
Description Perception score 
Support. No groups are opposed to the facility, and at least one group 
has organized support for the facility. 1.00 
Neutrality. All groups are indifferent or uninterested. 0.75 
Controversy. One or more groups have organized opposition, 
although no groups have action-oriented opposition (for example, 
letterwriting,
or support the facility. 
0.50   protests, lawsuits). Other groups may either be neutral 
Action-oriented opposition. Exactly one group has action-oriented 




organized support, ind 0.25 
Strong action-oriented opposition. Two or more groups have action-
oriented opposition 0.00 . 
 
9 ) le was constructed referring to OSHA’s safety 
standards as show lue is preferred. 
. Safety value (x9  = the ordinal draft sca
n in Table 5-6; maximizing safety va
 
Table 5-6. Draft attribute scale for safety value  
Description Safety score 
Very safe. No hazard associated with a technology.  1.00 
Safe. It is recommended for workers constructing a technology be 
instructed on the hazards of the technology but it is not the 
mandatory. No hazard associated with the technology for other 
workers. 
0.75 
Neutrality. It is recommended for workers in a site be instructed on 
the hazards of a technology but it is not the mandatory. 0.50  
Somewhat dangerous. Workers constructing a technology have to be 
instructed on the hazards assoc
recommended for other workers be in
iated with the technology, and it is 
structed on the hazards of the 
technology, but it is not the mandatory. 
0.25 
Very dangerous. Every worker in a site has to be instructed on the 
hazards associated with a technology. 0.00 
 
It is required that these attributes and their scales discussed above be revised and 
restructured, if necessary, through a series of meetings with EFD subject matter experts 
until the attributes are clearly and meaningfully defined and meet the independence 
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assumptions im  EFD 
experts contacted is available or. These nine attributes are assigned to each 
p the at  are 
i nology in conducting the technology evaluation over 
o ate, this a ption 
s
5 bute Scales 
 the nine attributes (i.e., 
x1 through x9), EFD subject matter experts’ inputs, basic assumptions, and other 
valuate attribute 
cores of technologies within subset (5) and subset (7), rig power generation subsets. 
 
  
Figure 5-4. A typical layout of a conventional drilling site 
plied by an additive utility function used in this research. A list of
 from the auth
otential technology. In this research, it is explicitly assumed that 
ndependent for each possible tech
tributes
ne attribute at a time.  In discussion with subject matter experts to d ssum
eems reasonable. 
 
.4 Assign Scores to All Technologies Using the Attri
In order to evaluate available technologies with respect to
references are used. Some examples of the cost estimation are shown in Figure 5-4 








Access Road ⇒ Grav




• Depth = ft
• Unit weight = pcf
• Material raw cost = / tons
• Mobilization cost = / tons (from Austin to College Station)









Figure 5-5. Cost estimation of gravel road 
 
Site preparation ⇒ Gravel pad with compact rig




• Depth = ft
∴ Total cost = 300 × 300 × 1 × 120 × $25.05 / 2000 (lbs)
= $135,2
• Unit weight = pcf
• Material raw cost = / tons



















Figure 5-7. A layout of an EFD site 
150' 
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Access Road ⇒ DURA-BASE Composite Mat 
• Width = ft (2 lanes)
• Length = ft (1 miles)
• Purchase rate = / ft2
• Rent (30 days) = / ft2
∴ Total cost when purchasing = 25 × 5280 × $20.62 = $2,721,840.00






Figure 5-8. Cost estimation of Dura-Base Composite Mat 
 
Figure 5-9. Cost estimation of an elevated platform 
 
Site preparation  Aluminum modules + Driven piles 
• Alu
• Module cost = / each
• The number of modules = modules
• Pile cost = (for 45 piles when using two pile selections)
∴ Total cost = $44,075 × 24 + $48,703
Î
minum modules: 
¾ Buckets:  
9  Dimension = 12.5’ (W) × 50’ (L) × 3.5’ (D) 
9  Weight = 10,000 lbs, each 
¾ Decks:  
9  6” thick aluminum laminates filled with construction form (pre-fabricated) 





※ Raw material cost of aluminum: $1.07 / lb
∴ Rough cost of a module:
① Raw material cost = 22500 × 1.07 = $24,075.00
② Fabrication cost = $10,000.00 (assumed)
③ Mobilization & Installation cost = $10,000.00 (assumed)
∑ = $44,075.00
6 in. for deck 




Table 5-7. Characteristic comparison of power generation technology. 
Source: adapted from (Rogers et al. 2006) 
 
 
Table 5-8. Benefits of reduced use of diesel to generate electricity in annual base rate. 
Source: adapted from (Rogers et al. 2006) 
 
 
Figure 5-10 briefly shows an influence diagram of each subset in a typical 
drilling site. As can be seen in Figure 5-10, attribute scores of a technology can b
correlated with attribute sc rent subset. For example, 
different rig type causes the variation of total drilling time and total drilling time varies 
e 
ores of another technology in a diffe
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total cost of technologies within many subsets. Moreover, selected technologies within 
subset (5) through subset (8) shown in Figure 5-1 are mutually related each other as 
shown in Figure 5-11. For example, the number of possible fuel types for a conventional 
power generation engine varies by what kind of engine is selected, and whether using an 
energy storage device or not should be dependent on whether an unconventional power 
generation method is used or not. If it is 
generation method, an energy storage device is not necessarily considered as a subset in 
the “Rig” subsystem. An example of construction strategy and constraints for the “Rig” 
subsystem ple of input 
sp sed to score technologies in several subsets. The cost, footprint, and 
emission scores of a technology on”, are not included in the 
inp ilization part of 
technologies within other subsets. For example, the cost of gravel road shown in Figure 
5-12 includes material, mobilization, and installation costs. 
 
decided not to use an unconventional power 
 is specified as shown in Figure 5-11. Figure 5-12 shows an exam
readsheets u
in subset (1), “Transportati
ut spreadsheet because those scores are already included as a mob
Rig 
transportation
Access road Site preparation
Rig power engine 
(conventional)
















































Electrolysis to hydrogen 









P0 → P =   0%
P → P = 10% 101




P9 → P = 90%
P10 → P = 100%




































⎡ ⎤=⎢ ⎥⎣ ⎦∑




y = 1 P⎡ ⎤−⎢ ⎥⎣ ⎦∑
Energy storage
 
Figure 5-11. Selection procedure and constraints for the “Rig” subsystem 
 





(TWA) Gov. Ind. Public
Coventional diesel truck 0.250 1.000 0.250 0.750
MAX 0.250 1.000 0.250 0.750
MIN 0.250 1.000 0.250 0.750
Gravel roads $148,500 3.030 0.566 98.562 0.250 1.000 0.250 0.500
DURA-BASE from Composite Mat (buy) $541,200 1.515 0.964 82.870 1.000 0.500 1.000 1.000
DURA-BASE from Composite Mat (rent) $132,000 1.515 0.964 82.870 1.000 0.500 1.000 1.000
MAX $541,200 3.030 0.964 98.562 1.000 1.000 1.000 1.000
MIN $132,000 1.515 0.566 82.870 0.250 0.500 0.250 0.500
Gravel pad $137,813 2.812 0.598 98.019 0.250 1.000 0.250 0.500
DURA-BASE from Composite Mat (buy) $502,250 1.406 0.967 82.242 0.750 0.750 0.750
DURA ASE from Composite Mat (rent) $122,500 1.406 0.967 82.242 0.750 0.750 0.750


















MAX $502,250 2.812 0.973 98.019 1.000 1.000 1.000 1.000
MIN $122,500 0.007 0.598 82.242 0.250 0.500 0.250 0.500
Traditional older vintage rig $220,000 0.973 78.630 0.500 1.000 0.500 0.500
MAX $220,000 0.973 78.630 0.500 1.000 0.500 0.500
MIN $220,000 0.973 78.630 0.500 1.000 0.500 0.500
4
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5.5 Calculate the Overall Attribute Score for Each Attribute 
After each technology is evaluated with respect to the nine attributes (i.e., x1 
through x9), for each attribute, the overall attribute score of a system is calculated by 
adding the technology scores of the system or selecting the minimum technology score 
of the system. The addition of individual scores is used for attributes such as cost, 
footprint, and emission as shown in Eq. (5-1) while the minimum score is used for 
attributes such as perception and safety as shown in Eq. (5-2). This section elaborates on 
how to calculate the overall attribute score for each attribute of a system. The overall 






nini yxX  for attribute x1 and x5 (i.e., i = 1 to 5)   (5-1) 
[ ]nini yxMinX =  for attribute x6 through x9 (i.e., i = 3 to 9)  (5-2) 
where n is the index for possible technologies, N is the numb
th
er of possible technologies, 
i is the index for the attributes, xin is the score of the n  technology on the ith attribute, 
and yn is a binary decision variable that is one if nth technology is selected and zero if it 
is not.  
The constraint required to consider is:  
 for each subset except subset (7), (8), and (13)   (5-3) 
where n is the index for possible technologies, M is the number of possible technologies 
within each subset, and yn is a binary decision variable.  
One technology should be selected within each subset except subset (7), (8), and 
(13) shown in Figure 5-1. Subset (7), (8), and (13) are optional. Figure 5-13 shows the 
overall attribute score for each attribute of a system. As can be seen in Figure 5-13, the 
overall scores of cost (x1), footprint (x2), and emissions (x3 through x5) are calculated by 
summing the scores of technologies selected within each subset. The overall scores of 
perceptions (x6 through x8), and safety (x9), however, are calculated by choosing the 








suggested that perception and safety values should be considered on the systems level 




(TWA) Gov. Ind. Public
(1) Transportation: Coventional diesel truck 0.250 1.000 0.250 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $132,000 1.515 0.964 82.870 1.000 0.500 1.000 1.000
(3) Site preparation: Aluminum modules + driven piles $372,408 0.007 0.973 97.614 1.000 0.500 1.000 0.500
(4) Rig type: Traditional older vintage rig $220,000 0.973 78.630 0.500 1.000 0.500 0.500
(5) Rig power (Conventional): Internal combustion engine w/SCR, 
w/noise suppressor $106,712 0.488 87.263 0.750 0.750 0.750 0.750
(6) Fuel type: Low sulphur diesel $88,906 0.750 0.750 1.000 0.750
(7) Rig power (Unconventional): Electric power from grid (10 %) $8,602 0.000 1.000 0.000 0.500 1.000 1.000 1.000
(8) Energy storage: Flywheels $30,000 0.000 0.500 1.000 1.000 0.750
(9) Drilling tech.: Conventional overbalanced drilling $204,000 116.700 1.000 0.500 0.500 0.500
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Lined reserve pit + solid control equip.* $24,000 0.037 0.500 0.750 0.750 0.750 0.500
(12) Cuttings mgmt.: Cuttings injection $60,000 1.000 1.000 0.500 1.000 0.750
(13) Noise reduction: N/A












Figure 5-13. Overall attribute score for each attribute of a system 
 
5.6 Dev
A utility function is a relationship b  the dimensional attribute score (e.g., 
$, acres, and grades) and a non-dimensional number (between 0 and 1) that captures 
decision-maker preferences. The utility function is used to transform all scores into non-
dimensional values between 0 and 1. This allows the decision-maker to make overall 
attribute score for each attribute uniform and comparable. Once the overall attribute 
score for each attribute of a system is calculated with respect to th n  
x1 through x9), for each attribute (i) and in order to homogenize the scores, a utility 
function (ui) needs to be developed to convert the overall dimensional score of a system 
into a non-dimensional utility value (betw  0 and 1) of the em h ec  
elaborates on how to develop and apply utili unctions for this res h
The proportional scoring approach (i.e., linear approach) is mainly suggested in 
this research to develop single-attribute utility functions because of a lack of expert 
assessment. This can be revisited as needed based on interactions with EFD subject 
matter experts. A genera roach is given by: 
elop a Utility Function for Each Attribute 
etween
e ni e attributes (i.e.,
een syst . T is s tion
ty f earc .  
l formula for the proportional scoring app
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ScoreWorstScoreBestii −
ScoreWorstX)(Xu i −=    (5-4) 
where Xi is the overall score on the ith attribute of a system.  
Figure 5-14 shows an example of the utility function curve for the cost attribute. 
As can be seen in this example, first maximum and minimum values for total cost are 
obtained. It is found that the range should go from $0.78 million dollars to $1.9 million 
dollars, where obviously less total costs are preferred to greater ones. Thus, to remain 
consistent with the scaling rule where the utility functions ranged from 0 to 1, it is 
defined u1 ($0.78 M) = 1 and u1 ($1.9 M) = 0. Procedures similar to those described 











X1 = Total cost ($ M)
 
the other hand, the inconsistencies are discussed, and part of all the assessment should be 
Figure 5-14. The single-attribute utility function curve for cost 
 
In this research, the general shapes of the utility function for each attribute are 
linear. This implies risk neutrality, but it is very important, before proceeding, to do 
consistency checks on the reasonableness of the shape of the utility functions (i.e., 
exponential, linear, etc.) (Keeney and Raiffa 1976). This can be fulfilled by asking 
additional questions about the decision-maker’s preferences, and comparing his/ her 
responses to the implications of the “fit” utility functions. When they are consistent with 
each other, the utility functions can be more confidence. When they are inconsistent, on 
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repeated (Keeney and Raiffa 1976). Figure 5-15 shows single-attribute utility values of a 




(TWA) Gov. Ind. Public
(1) Transportation: Coventional diesel truck 0.250 1.000 0.250 0.750
$132,000 1.515 0.964 82.870 1.000 0.500 1.000 1.000
$372,408 0.007 0.973 97.614 1.000 0.500 1.000 0.500
$220,000 0.973 78.630 0.500 1.000 0.500 0.500
$106,712 0.488 87.263 0.750 0.750 0.750 0.750
$88,906 0.750 0.750 1.000 0.750
$8,602 0.000 1.000 0.000 0.500 1.000 1.000 1.000
$30,000 0.000 0.500 1.000 1.000 0.750
$204,000 116.700 1.000 0.500 0.500 0.500
$47,940 1.000 1.000 1.000 1.000
$24,000 0.037 0.500 0.750 0.750 0.750 0.500
$60,000 1.000 1.000 0.500 1.000 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent)
(3) Site preparation: Aluminum modules + driven piles
(4) Rig type: Traditional older vintage rig
(5) Rig power (Conventional): Internal combustion engine w/SCR, 
w/noise suppressor
(6) Fuel type: Low sulphur diesel
(7) Rig power (Unconventional): Electric power from grid (10 %)
(8) Energy storage: Flywheels
(9) Drilling tech.: Conventional overbalanced drilling
(10) Fluid type: Water-based muds
(11) Waste mgmt.: Lined reserve pit + solid control equip.*
(12) Cuttings mgmt.: Cuttings injection
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $1,294,568 1.559 4.398 1.500 463.077 0.250 0.500 0.250 0.500











tility Values 0.539 0.991 0.701 0.600 0.677 0.250 0.500 0.  
Figure 5-15. Single-attribute utility values of a system 
 
 
5.7 Combine Utility Values of Each Attribute into an Overall Utility 
Once each single-attribute utility function ui(Xi) is derived for its attribute 
measure, these individual utility values are combined in some way into a final utility
value. If mutual preferential and utility independence are satisfied, it is possible to define 
the multi-attribute utility function to the additive form:  
( ) ( ){ ( ) ( )
( ) ( ) ( )
1 2 1 1 2 2
1 1 1
1
, , , , , ,I I I
I
I I I i i i
i
U X X X U u X u X u X
k u X k u X k u X
=
… = …
= + + = ∑K  (5-5) 
where ui(Xi) is a single-attribute utility function scaled from 0 to 1, ki is a weight factor 
for ui(Xi).  
Since it is assumed that there is no interaction between each attribute, all of the 
weights are positive and they must sum to one (Hardaker 2004). In general, weight 
factors are decided by decision-makers. Table 5-9 shows an example of assigned weight 
factor for each attribute.  
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Table 5-9. An example of assigned weight factor for each attribute 
Attributes Weights 
Total cost (x1) 0.40 
Footprint (x2) 0.25 
Air emission (x3) 0.05 
Solid/ liquid emission (x4) 0.05 
Noise emission (x5) 0.05 
Government perception (x6) 0.05 
Industry perception (x7) 0.05 
Public perception (x8) 0.05 
Safety (x9) 0.05 
 
A multi-attribute utility function of the additive form can be derived in two steps. 
First, single-attribute utility functions ui(Xi) of a system are derived for each attribute 
measure in turn, then these individual utility values are combined into an overall utility 
value of the system to simplify comparisons with other possible systems. Figure 5-16 
shows an example of the multi-attribute utility value of a system with the weighting 
factors given in Table 5-9. 
 
40% 25% 5% 5% 5% 5% 5% 5% 5%
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: C 0.250 0.750
(2) Road constructio 1.000 1.000
(3) Site preparation: Aluminum modules + driven piles $372,408 007 0.973 97.614 1.000 0.500 1.000 0.500















oventional diesel truck 0.250 1.000
n: DURA-BASE from Composite Mat (rent) $132,000 1.515 0.964 82.870 1.000 0.500
0.
ower (Conventional): Internal combustion engine w/SCR, 
suppressor $106,712 0.488 87.263 0.750 0.750 0.750 0.750
pe: Low sulphur diesel $88,906 0.750 0.750 1.000 0.750
(7) Rig power (Unconventional): Electric power from grid (10 %) $8,602 0.000 1.000 0.000 0.500 1.000 1.000 1.000
(8) Energy storage: Flywheels $30,000 0.000 0.500 1.000 1.000 0.750
(9) Drilling tech.: Conventional overbalanced drilling $204,000 116.700 1.000 0.500 0.500 0.500
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Lined reserve pit + solid control equip.* $24,000 0.037 0.500 0.750 0.750 0.750 0.500
(12) Cuttings mgmt.: Cuttings injection $60,000 1.000 1.000 0.500 1.000 0.750
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $1,294,568 1.559 4.398 1.500 463.077 0.250 0.500 0.250 0.500
Single Attribute Utility Values 0.539 0.991 0.701 0.600 0.677 0.250 0.500 0.250 0.500
∴ Multi-Attribute Utility Value = 0.637  
Figure 5-16. An example of the multi-attribute utility value of a system 
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5.8 Find the Best System 
In this section, an optimization scheme is suggested based on a combination of 
multi-a te utility theory and exhaustively enumerating all possible systems to 
provide a quantitative rationale and suggest the best set of systems according to a set of 
attributes, with the relative importance of the different attributes defined by the decision-
maker. Since exhaustive search o is simple, practical, and very robust 
method given the speed of modern puters (C
all possible systems and to find the ‘best’ available system that s
attractive for a specific site. Larger probl s would likely require more advanced 
optimization methods. Once all possible systems have bee lu d,  s em ith 
the highest overall utility score is the  with given weigh  f r
After the optimization scheme has given the ‘best’ system, a sensitivity analysis 
can be conducted to examine the impact of possible changes in the attribute scores, 
weight factors, ple, the weight 
ssigned to the cost attribute shown in Table 5-9 could be changed from the initially 
earch, the 
weight
ite (Guikema and Milke 1999). 
Note that the final answer needs not be a single system but that a few “optimal” 
systems which come close to best score can be selected. This may p
flexibility for the person in charge of the drilling process.  
s Learned 
ions. However, the approach used in this research does have 
ttribu
ptimization  a 
 com over et al. 2007), it is used to evaluate 
hould be particularly 
em
n eva ate  the yst  w
 best system ting acto s. 
and utility functions on the best system. For exam
a
assigned value of 0.40. Since the weighting factors must sum to one in this res
s assigned to other attributes are known once a weight assigned to the cost 
attribute is decided. Conducting a sensitivity analysis for the technology selection 
process is an importance step because it can give an idea the range of weights over 




Throughout this section, a system optimization approach is suggested based on a 
combination of multi-attribute utility theory and exhaustive search optimization. This 
methodology is designed to help decision-makers with their choices of EFD technology 
in onshore drilling operat
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some limi n of the 
procedure may beco ive for problems with a large f decision 
v ossible way to resolve this problem in this research e analyst can 
identify subsets that will always select the same technology for any weight 
c  those subsets from the original th  subsets can 
s mputational burdens in future steps. 
nput values for available technologies very difficult 
step to proceed with the quantitative approach suggested in this resea he outcomes 
of the process should be brought into a question without having the adequate input 
values. Missing input information introduces additional errors into the analysis because 
the mi
tations. The crucial limitation is that the computational burde
me prohibit number o
ariables. One p is if th
ombinations, the elimination of irteen
ignificantly reduce co
Moreover, estimating i are a 
rch. T
ssing information represents another assumption that must be made to proceed 
with the analysis (Rehm et al. 2008). Even though many EFD subject matter experts 
have already participated in this research, more people’s inputs and feedbacks are 
necessary to make the proposed technology selection process easier and quicker. 
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6. A CASE STUDY WITH PRE-SPECIFIED SYSTEMS 
 
In order to test the technology evaluation protocol proposed in Section 5 in a real 
site and then to refine the protocol, a case study is conducted in Green Lake at McFaddin, 
TX. This section describes the results of the case study which provided a more logical 
and comprehensive approach that maximized the economic and environmental goals of 
both the landowner and the oil company leaseholder. How to arrive at the optimal 
drilling system for this site are fully described in this section. 
 
6.1 Selected Site 
It is assumed that an independent operator is to drill a well on their lease in South 
Texas in an environmentally sensitive wetland area. The lease extends to the center of 
Green Lake on the McFaddin Ranch as shown in Figure 6-1. The formation target is the 
upper Frio sand (Hovorka et al. 2001) at approximately 8500 ft in vertical depth. In order 
to protect the ranch as much as possible, low impact drilling and utilizing the very best 




Figure 6-1. A satellite map of Green Lake at McFaddin, Texas 
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6.2 Description of the Pre-Specified Systems 
Three different systems are pre-specified by an EFD expert in order to identify 
possible drilling technologies for Green Lake drilling site as shown in Table 6-1. A list 
of EFD experts contacted is available from the author. Although the technology list 
shown in Table 6-1 is not an exhaustive search, what it shows is the current and state of 
the art technologies for onshore oil and gas drilling operations. 
 
Table 6-1. Pre-specified drilling systems 
Subsets 1. Conventional Drilling 
2. Moderately 
Improved Drilling 3. EFD in 5 years 
(1) Transportation Conventional diesel truck 
Low sulphur diesel 
truck w/tier III engine, 
w/noise suppressor 
Low sulphur diesel 
truck w/tier III engine, 
w/noise suppressor 
(2) Road 
construction Gravel road 
DURA-BASE from 
Composite Mat (rent) 
DURA-BASE from 
Composite Mat (rent) 
(3) Site preparation Gravel pad Composite Mat (rent) 
dules + 
driven piles (elevated 
platform) 
DURA-BASE from Aluminum mo









Lean-burn natural gas 
engines w/noise 
suppressor 




None Electric power from grid (10%) 
Electric power from 
grid (30%) 










(10) Fluid type Water-based muds Water-based muds Water-based muds 
(11) Drilling fluid 
and waste 
management 
Lined reserve pit + 
solid control 
equipment 
Closed loop + 
containers + solid 
control equipment 
Closed loop + 
containers + solid 
control equipment 
(12) Cuttings 
treatment Cuttings injection Cuttings injection 
Chemical fixation and 
solidification (CFS) 
(13) Noise 
reduction None None None 
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6.3 Calc
In order to calculate the overall utility score, the procedure described in Section 5 
is required to be im
ulate Overall Utility Values of the Pre-Specified Systems 
plemented. EFD subject matter experts’ inputs, basic assumptions, 
and other references are used to evaluate available technologies with respect to the nine 
attributes (i.e., x1 through x9). Figure 6-2 shows the basic assumptions used in this case 





• Access road width: ft (2 lanes)
• Access road length: miles
ft (conventional rig + pad)
ft (compact rig + pad)
ft (conventional rig + modules + piles)
ft (compact rig + modules + piles)
Key Influence variables
• Transportation type: Coventional diesel truck
• Rig Type: LOC250 (CWD)
• Engine Type: Internal combustion engine
• Drilling Type: Conventional overbalanced drilling
• Noise reduction type: N/A
• Proportion of unconventional power:
• Resale value:
• Drilling Time: days 
• Move/Rig up: days 
















• Width of drilling site: ft (conventional rig + pad)
ft (compact rig + pad)
ft (conventional rig + modules + piles)
ft (compact rig + modules + piles)





Figure 6-2. Basic assumptions and key influence variables 
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The  should be 
nologies because attribute scores of 
a techn
onstraints of the “Rig” 
subsystem are specified as shown in Figure 6-4. Figure 6-5 shows an example of input 
spreadsheets used to score techno cost, footprint, and 
emission scores of a technology  
input et because those scores are a m  
technologies within other subsets. For exam vel 
6-5 includes material ilization, and ins e de of 
a echnologie nd in APPE
 
influence diagram for this drilling site shown in Figure 6-3
considered before estimating attribute scores of tech
ology can be dependent on key influence variables described in Figure 6-2. For 
example, different rig type causes the variation of total drilling time and the total drilling 
time varies total cost of technologies within many subsets.  
In this case study, the range of unconventional power usage is varied from 0% to 
30% of total power usage. The construction strategy and c
logies in several subsets. The 
in subset (1), “Transportation”, are not included in the
already included as spreadshe obilization part of
ple, the cost of gra
tallation costs. Mor
road shown in Figure 
tailed input values , mob
vailable t s can be fou NDIX B.  
Rig 
transportation
Access road Site preparation
Rig power engine 
(conventional)




























































⎡ ⎤=⎢ ⎥⎣ ⎦∑  
Figure 6-4. Selection procedure for the “Rig” subsystem of the case study 
 
Low sulphur diesel truck w/tier III engine, w/noise suppressor
Gravel roads $198,396 $0 $19,840 $198,396 3.030
DURA-BASE from Composite Mat (buy) $2,721,840 $2,177,472 $54,437 $544,368 1.515
DURA-BASE from Composite Mat (rent) $147,840 1.515
Gravel pad $135,270 $0 $13,527 $135,270 2.066
DURA-BASE from Composite Mat (buy) $1,855,800 $1,484,640 $37,116 $371,160 1.033
DURA-BASE from Composite Mat (rent) $100,800 1.033
Aluminum modules + driven piles $1,131,303 $905,042 $22,626 $226,261 0.005
4 LOC250 (CWD) $15,000 $15,000 $173,800
5 Lean-burn natural gas engines w/noise suppressor $5,472 $5,472 $54,720
6 Natural gas $2,100 $2,100 $19,950
Electric power from grid $1,152 $1,152 $11,520 0.000
Flywheels $450,000 $360,000 $9,000 $90,000 0.000
9 Managed pressure drilling w/noise suppressor $21,500 $21,500 $193,500
Water-based muds $47,940
Lined reserve pit + solid control equip.* $2,000 $2,000 $18,000 0.037























Figure 6-5. An example of input scores of the case study 
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Once each technology is evaluated with respect to the nine attributes (i.e., x1 
through x9), for each attribute, the overall attribute score of a system is calculated by 
adding the technology scores of the system selecting the minimum technology score 
of the system. In order to calculate the overall score of a system on the ith attribute (Xi), 
Eq. (5-1), Eq. (5-2), and Eq. (5-3) should be considered. 
As described in Section 5.6, A utility function is a relationship between the 
dimensional attribute score (e.g., $, acres ensional number 
(between 0 and 1) that captures decision- r preferences. Once the overall attribute 
score for each attribute of a system is calculated with respect to the nine attributes (i.e., 
x1 through x9), for each attribute (i) and in order to homogenize the scores, a utility 
function (ui) needs to be developed to convert the overall dimensional score of a system 
into a non-dimensional utility value (between 0 and 1) of the system. The proportional 
scoring approach given in Eq. (5-4) is mainly used in this case study to develop single-
attribute utility functions except the noise attrib
According to Occupational Safety & inistration (OSHA), the 
employer shall administer a continuing, effective hearing conservation program if 
employee noise exposures equal or exceed an 8-hour time-weighted average sound level 
(TWA) of 85 decibels. In this case study, th , it is assumed that if TWA of a 
technology does not exceed 85 decibels, the noise utility score of the technology would 
be closed to one while the noise utility score of the technology would be rapidly down to 
zero if TWA of the technology exceeds 85 deci els. There are five noise making subsets 
(2, 3, 4, 5, 9)  the noise 
attribut
   (6-1) 
 or 
, and grades) and a non-dim
make




 in a system and thus it is considered that a utility value of
e (x5) would be closed to one until a combined TWA does not exceed 425 (5 × 
85) for a system. As a combined TWA exceeds 425, the utility value of the system 
rapidly goes down to zero. In order to satisfy these conditions, the noise attribute utility 
function is developed by the author as follows: 
5u (X ) Xa b c= + ×  5 5
where X5 is the noise attribute score, TWA in decibels, of a system and u5 is the noise 
attribute utility value of the system. The constants (a, b, and c) are 1.02261, -8.5478E-07, 
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Figure 6-6. The single-attribute utility function curves 
 
Once each single-attribute utility value is calculated, these individual utility 
values are combined into an overall utility value of a system described in Section 5.7. 
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The base case weight factors are decided by an EFD expert in this case study as shown 
in Table 6-2. Since it is assumed that there is no interaction between each attribute, all of 
the weights are positive and they must sum to one. Figure 6-7 through Figure 6-9 show 
the overall utility values of the pre-specified systems described in Table 6-1 with the 
weighting factors given in Table 6-2. 
 
Table 6-2. The base case weight factor for the each attribute 
Attributes Weights 
Total cost (x1) 0.40 
Footprint (x2) 0.20 
Air emission (x3) 0.20/3 
Solid/ liquid emission (x4) 0.20/3 
Noise emission (x5) 0.20/3 
Government perception (x6) 0.05 
Industry perception (x7) 0.05 
Public perception (x8) 0.05 
Safety (x9) 0.05 
 
40% 20% 6.667% 6.667% 6.667% 5% 5% 5% 5%
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Coventional diesel truck 0.250 1.000 0.250






















(2) Road construction: Gravel roads $148,500 3.030 0.566 98.562 0.250 1.000 0.250
(3) Site preparation: Gravel pad $137,8 2.812 0.598 98.019 0.250 1.000 0.250 0.500
(4) Rig type: Traditional older vintage rig $220,0 0.973 78.630 0.500 1.000 0.500 0.500
(5) Rig power (Conventional): Internal combustion engine $8 110.073 0.500 1.000 0.500
(6) Fuel type: Conventional diesel $94,080 0.500 1.000 0.500
(7) Rig power (Unconventional): N/A (0 %) 000 0.000 0.250 1.000 0.250
(8) Energy storage: N/A $0 0.000 0.250 1.000 0.250 1.000
(9) Drilling tech.: Conventional overbalanced drilling $204,000 700 1.000 0.500 0.500 0.500
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Lined reserve pit + solid control equip.* $24,000 0.037 0.5 0.750 0.750 0.750 0.500
(12) Cuttings mgmt.: Cuttings injection $60,000 1. 1.000 0.500 1.000
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $1,016,333 5.879 3.254 1. 985 0.250 0.500 0.250 0.500
Single Attribute Utility Values 0.788 0.000 0.000 0.600 0.000 0.250 250 0.500
∴ Multi-Attribute Utility Value = 0.430
(Acres
 
Figure 6-7. Overall utility score of the conventional drilling system 
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40% 20% 6.667% 6.667% 6.667% 5% 5% 5% 5%
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Low sulphur diesel truck w/tier III engine, 
w/noise suppressor 1.000 0.500 1.000 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
(3) Site preparation: DURA-BASE from Composite Mat (rent) $100,800 1.033 0.984













62.356 0.750 0.750 0.750 1.000
60.016 1.000 0.500 1.000 1.000
(5) Rig p
w/noise 
ower (Conventional): Internal combustion engine w/SCR, 
suppressor $69,363 0.578 86.153 0.750 0.750 0.750 0.750
(6) Fuel type: Low sulphur diesel $46,040 0.750 0.750 1.000 0.750
(7) Rig power (Unconventional): Electric power from grid (10 %) $3,994 0.000 1.000 0.000 0.500 1.000 1.000 1.000
(8) Energy storage: Flywheels $30,000 0.000 0.500 1.000 1.000 0.750
 (9) Drilling tech.: Underbalanced drilling w/noise suppressor $202,950 96.250 0.750 0.750 0.750 0.750
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $29,700 0.000 1.000 1.000 0.500 1.000 0.750
(12) Cuttings mgmt.: Cuttings injection $49,500 1.000 1.000 0.500 1.000 0.750
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $896,127 2.548 4.524 2.000 369.471 0.500 0.500 0.750 0.750
Single Attribute Utility Values 0.896 0.764 0.778 1.000 0.997 0.500 0.500 0.750 0.750
∴ Multi-Attribute Utility Value = 0.821  
Figure 6-8. Overall utility score of the moderately improved drilling system 
 
40% 20% 6.667% 6.667% 6.667% 5% 5% 5% 5%
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Low sulphur diesel truck w/tier III engine, 
w/noise suppressor 1.000 0.500 1.000 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
(3) Site preparation: Aluminum modules + driven piles $226,261 0.005 0.989 76.265 1.000 0.500 1.000 0.500
(4) Rig type: LOC250 (CWD) $173,800 0.985 60.366 1.000 0.500 1.000 1.000
(5) Rig power (Conventional): Lean-burn natural gas engines 
w/noise suppressor $54,720 0.936 83.742 1.000 0.500 1.000 0.750
(6) Fuel type: Natural gas $19,950 1.000 0.500 1.000 0.750
(7) Rig power (Unconventional): Electric power from grid (30 %) $11,520 0.000 1.000 0.000 0.500 1.000 1.000 1.000
(8) Energy storage: Flywheels $90,000 0.000 0.500 1.000 1.000 0.750
 (9) Drilling tech.: Managed pressure drilling w/noise suppressor $193,500 94.100 0.750 0.750 1.000 1.000
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $27,000 0.000 1.000 1.000 0.500 1.000 0.750
(12) Cuttings mgmt.: Chemical fixation and solidification (CFS) $61,710 0.250 0.750 0.750 1.000 0.500
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $1,054,240 1.520
Single Attribute Utility Values 0.754 1.000
4.886 1.250 379.169 0.500 0.500 1.000 0.500
1.000 0.400 0.989 0.500 0.500 1.000 0.500














Figure 6-9. Overall utility score of the EFD system in five years 
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In this case study, since an exhaustive search optimization is a simple, practical, 
and very robust method given the speed of modern computers (Cover et al. 2007), it is 
sed to evaluate all possible systems and to find the ‘best’ available system that should 
be particularly attractive for Green Lake drilling site. Larger problems would likely 
require more advanced optimization methods. Figure 6-10 briefly illustrates the total 
possible number of systems used in this case study. Once all possible systems have been 
evaluated, the system with the highest overall utility score is the best system with given 
weighting factors. Figure 6-11 shows the overall utility value of the best system with the 
weighting factors given in Table 6-2. 
 
u
 1. When "Diesel engine" is selected as a conventional power generation,
1. Access 2. Drill Site 3. Rig 4. Drilling
(1) 2 4 3 3 72
(2) 3 2 1 6
(3) 2 2 4
(4) 1 2 2
(5) 1 1 1
∏ 3,456             
2. When "Natural gas engine" is selected as a conventional power generation,
1. Access 2. Drill Site 3. Rig 4. Drilling
(1) 2 4 3 3 72
(2) 3 1 1 3
(3) 1 2 2
(4) 1 2 2
(5) 1 1 1
∏ 864                
∴ Total number of possible systems   = 3,456             
     within 1 conventional power generation scenario 864                
Σ 4,320
4 different portions of unconventional power usage (0, 10, 20, 30%) were consider








*: 2 types of diesel engine  
Figure 6-10. Total number of possible systems used in this cast study 
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40% 20% 6.667% 6.667% 6.667% 5% 5% 5% 5%
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Low sulphur diesel truck w/tier III engine, 
w/noise suppressor 1.000 0.500 1.000 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $147,
(3) Site preparation: DURA-BASE from Composite Mat (rent) $100,











840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
800 1.033 0.984 62.356 0.750 0.750 0.750 1.000
(4) Rig type: L 250 (CWD) $173,800 0.985 60.366 1.000 0.500 1.000 1.000
(5) Rig power onventional): Lean-burn natural gas engines 
w/noise suppressor .500 1.000 0.750
(6) Fuel type: Natural gas 1.000 0.750
(7) Rig power (Unconventional): Electric po $3,840 0.000 1.000 0.000 1.000 1.000
(8) Energy storage: Flywheels $30,000 0.000 1.000 0.750
( drilling w/noise suppressor $184,500 95.700 0. 0.750 0.750
( $47,940 1. 1.000 1.000
( co iners + solid control equip.* $27,000 0.000 1.000 1 1.000 0.750
( $45,000 1.000 0 1.000 0.750
(
O e) $856,724 2.548 4.863 2.000 368.721 0 0.750 0.750
S 0.931 0.764 0.986 1.000 0.998 0 0.750 0.750
 0.849
OC
 (C $70,354 0.918 85.603 1.000 0
$25,650 1.000 0.500
wer from grid (10 %) 0.500 1.000
0.500 1.000
9) Drilling tech.: Underbalanced 750 0.750
10) Fluid type: Water-based muds
11) Waste mgmt.: Closed loop +
000 1.000
000 0.500 nta
12) Cuttings mgmt.: Cuttings injection
.
1.000 0.50
13) Noise reduction: N/A
verall Attribute Scores (Σ or minimum valu 0.500 0.50
.ingle Attribute Utility Values 500 0.500
∴ Multi-Attribute Utility Value =  
e 6-11. Overall utility score of the best system
 
Figure 6-12 shows the comparison of the single-attribute utility values of the pre-
specified systems given in Table 6-1 and the best system with the weighting factors 
given in Table 6-2. It is indicated that the overall utility score of the System 2, 
“Moderately improved drilling system”, is greater than the utility score of the system 3, 
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Figure 6-12. Continued 
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6.4 Co
e range of weights over which certain 
system should be selected for a specific site (Guikema and Milke 1999). This step 
contains two se  sensitivity analysis for weighting factors of each attribute 
and the other one is a sensitivity analysis for uncertainty of overall attribute scores.  
 
6.4.1 Sensitivity Ana
In order to demonstrate how a sensitivity analysis can be conducted, four 
different weight scenarios are defined by an EFD expert as shown in Table 6-3, the 
optimization routine is run for each weight combination, and then the results are 
compared as shown in Table 6-4. Each of those weight combinations represents a 
different point of view for the EFD technology selection problem. In this step, the 
change in the overall tivity measure 
because the overall ut d 
there are also many uncertainties in those input ok at 
the changes in the technologies selected for se this is the 
decision that is the most interest to the decision-makers.  
 
Table 6-3. Weight combinations used in the sensitivity analysis 
nduct a Sensitivity Analysis 
After the optimization scheme has given the ‘best’ system, a sensitivity analysis 
can be conducted to examine the impact of possible changes in the attribute scores, 
weight factors, and utility functions on the best system. For example, the weights 
assigned to cost attribute could be changed from the initially assigned value of 0.40 
given in Table 6-2. Since the weighting factors must sum to one in this case study, the 
weights assigned to other attributes are known once a weight assigned to cost attribute is 
decided. Conducting a sensitivity analysis for the technology selection process is an 
importance step because it can give an idea th
s 
ctions. One is a
lysis for Weighting Factors of Each Attribute 
utility score of the optimal system is not a good sensi
ility score directly depends on the input parameters being used an
 values. Instead, it is suggested to lo
the optimal system becau









1 0.60 0.25 0.05/3 0.05/3 0.05/3 .05/3 0.05/3 0.05/3 0.05 Conventional 0
2 0.40 0.20 0.20/3 0.20/3 0.20/3 0.05 0.05 0.05 0.05 Base case 
3 0.27 0.25 0.08 0.08 0.08 0.05 0.05 0.07 0.07 EFD 
4 re EFD 0.12 0.30 0.10 0.10 0.10 0.05 0.05 0.09 0.09 Mo
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Table 6-4. Results of the sensitivity analysis 
Subsets For weight no. 1 For weight no. 2 For weight no. 3 and no. 4 
(1) Transportation Conventional diesel truck 
Low sulphur diesel 
truck w/tier III 
se 
Low sulphur diesel 











Composite Mat (rent) 
DURA SE from
Compo  Mat (re
DURA- E  
C po Ma n
from -BA  
site nt) 
BAS  from
om site t (re t) 
(3) Site preparation DURA-BASE fComposite Mat (rent) 
SE from




rom DURA-BA  
Com
m  modules + 
levated 
) 




Lean-burn natural gas 
engines w/noise 
suppressor 
Lean-burn natural gas 
engines w/noise 
suppressor 
Lean-burn natural gas 
engines w/noise 
suppressor 
(6) Fuel type  Natural gas Natural gas Natural gas 
(7) Unconventiona
rig power 
generation id (10%) 
tric power from 
grid (10%) 
l 
None Electric power from Elecgr












(10) Fluid type Water-based muds Water-based muds Water-based muds 
(11) Drilling fluid 
and waste 
Closed loop + 
containe
Closed loop + Closed loop + 
management 
rs + solid 
control equipment 
containers + solid 
control equipment 
containers + solid 
control equipment 
(12) Cuttings 
treatment Cuttings injection Cuttings injection Cuttings injection 
(13) Noise 
reduction None None None 
 
In order to generate the combinations of weights required to conduct this 
sensitivity analysis method, upper and lower bounds on the parameters need to be 
assessed. This can be done by asking to real project staffs or decision-makers. In this 
case study, the upper and lower bounds of each attribute weight are decided as shown in 
Table 6-5.  
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Table 6-5. Range of the allowable weight factor for each attribute  
Emissions (W3) Perception (W4) Weights Cost (W1) 
Footprint 
(W2) Air S/L Noise Gov. Ind. Public 
Safety 
(W5) 
Maximum 1.00 1.00 1/3 1/3 1/3 1/3 1/3 1/3 1.00 
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
Based on the ranges given in Table 6-5, this study enumerates all possible weight 
combinations within these bounds that summed to one in increments of roughly 0.1. 
Since the weights must sum to one, as one weight increases, others must decrease. In this 
case study, for example, as w1 increases, other weights (i.e., w2, w3, w4, and w5) decrease 
by the ratio of the weight combination shown in Table 6-3. For example, the weights 
assigned to cost attribute could be changed from the initially assigned value of 0.60, 
‘Conventional case (weight no.1)’, given in Table 6-2. Since the weighting factors must 
sum to one, the weights assigned to other attributes are known once a weight assigned to 
cost attribute is decided. It is noted that since the ratio of an assigned weight for each 
attribute is different from each weight com ination, even if weights assigned to the sam  
attribute are identical and increase by equal percentage for two different weight 
combinations, the weights assigned to other attributes decrease by the different ratio for 
the two weight combinations. The total number of weight combinations for further 
consideration is about 410 in this sensitivity analysis.  
Deciding on the number of combinations of weights being used in a sensitivity 
analysis usually involves a trade-off between increased computational time for the 
analysis and the potential for increased m deling accuracy. This trade-off needs to be 
made on a case-specific basis (Guikema and Milke 2003). Once the combinations of 
input parameters are defined, the optimization routine is performed for each 
combination. This has the potential to consume significant time in the process, especially 
for problems where a large number of technologies are considered.  
In this sensitivity analysis where weights are varied, twelve different drilling 
systems are selected as the optimal systems for at least one of the weight combinations 
being considered. Table 6-6 shows the proportion of each of twelve systems selected for 
this sensitivity analysis. The fa ted optimal solution, is 
b e
o
ct that SET 1, the most selec
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selected for 42% of the weight combinations emphasizes the need for a sensitivity 
analysis.  
 
Table 6-6. Proportion of the optimal systems for this case study  
SET NUMBER  1 2 3 4 5 6 7 8 9 10 11 12 
Proportion 
(%) 41.6 35.0 9.1 4.7 2.0 1.5 1.5 1.5 1.5 0.7 0.5 0.5 
 
Throughout the sensitivity analysis conducted in this case study, six different 
drilling systems are suggested for Green Lake drilling site as shown in Figure 6-13. 
Figure 6-13 shows which technologies are selected for each suggested system. 
 
SET 1 (41.6%) SET 2 (35%)
(1) Transportation: Low sulphur diesel truck w/tier III engine, 
                             w/noise su ressor
(1) Transportation: Low sulphur diesel truck w/tier III engine, 




        
(2) Road construction: DURA-BASE from Composite Mat (rent) (2) Road construction: DURA-BASE from Compo
(3) Site preparation: Aluminum modules + driven piles (3) Site preparation: DURA-BASE from Comp
(4) Rig type: LOC250 (CWD) (4) Rig type: LOC250 (CWD)
g power (Conventional): Lean-burn natural gas engines 
                                    w/noise suppressor
(5) Rig power (Conventional): Lean-burn natural gas engines 
                                            w/noise suppressor
(6) Fuel type: Natural gas (6) Fuel type: Natural gas
(7) Rig power (Unconventional): Electric power from grid (10 %) (7) Rig power (Unconventional): Electric power from grid (10 %)
(8) Energy storage: Flywheels (8) Energy storage: Flywheels
(9) Drilling tech.: Managed pressure drilling w/noise suppressor (9) Drilling tech.: Underbalanced drilling w/noise suppressor
(10) Fluid type: Water-based muds (10) Fluid type: Water-based muds
(11) Waste mgmt.: Closed loop + containers + solid control equip.* (11) Waste mgmt.: Closed loop + containers + solid control equip.*
(12) Cuttings mgmt.: Cuttings injection (12) Cuttings mgmt.: Cuttings injection
(13) Noise reduction: N/A (13) Noise reduction: N/A
SET 3 (9.1%) SET 4 (4.7%)
(1) Transportation: Coventional diesel truck (1) Transportation: Low sulphur diesel truck w/tier III engine,                              w/noise suppressor
(2) Road construction: DURA-BASE from Composite Mat (rent) (2) Road construction: DURA-BASE from Composite Mat (rent)
(3) Site preparation: DURA-BASE from Composite Mat (rent) (3) Site preparation: Aluminum modules + driven piles
(4) Rig type: LOC250 (CWD) (4) Rig type: LOC250 (CWD)
(5) Rig power (Conventional): Lean-burn natural gas engines 
                                            w/noise suppressor
(5) Rig power (Conventional): Lean-burn natural gas engines 
                                            w/noise suppressor
(6) Fuel type: Natural gas (6) Fuel type: Natural gas
(7) Rig power (Unconventional): N/A (0 %) (7) Rig power (Unconventional): Electric power from grid (30 %)
(8) Energy storage: N/A (8) Energy storage: Flywheels
(9) Drilling tech.: Underbalanced drilling w/noise suppressor (9) Drilling tech.: Managed pressure drilling w/noise suppressor
(10) Fluid type: Water-based muds (10) Fluid type: Water-based muds
(11) Waste mgmt.: Closed loop + containers + solid control equip.* (11) Waste mgmt.: Closed loop + containers + solid control equip.*
(12) Cuttings mgmt.: Cuttings injection (12) Cuttings mgmt.: Cuttings injection
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As can be se ms can indicate the 
potential for further simplification of a tech obl e 
technologies selected for five subsets (i.e., (2), (4), (10), ( e 
i st sen ghts is rn, the 
optimal decision wo volve around th or onl of the 
o irteen subs
s y ure  us d 
drilling systems can be found in APPENDIX B. 
en in Figure 6-13, the results of six syste
nology selection pr em. In this case, th
12), and (13)) are always sam
sitivity to wei
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n all suggested sy ems. Therefore, if 
uld re
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y eight subsets 
riginal th
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Figure 6-14. Continued 
 
Figure 6-15 through Figure 6-19 show which system should be selected as 
weight 1 through weight 5 (w1 ~ w5) are varied respectively by the ratio of the base-case 
weight combination described in Table 6-3. Since the weights must sum to one, as one 
weight increases, others must decrease. In Figure 6-15, for example, as w  increases, 
other weigh
fect on the overall 
utility score of SET 6.  
1
ts (i.e., w2 through w5) decrease by the ratio of the base-case weight 
combination shown in Table 6-3. Figure 6-15 shows that SET 2 is preferred over SET 1 
as w1 increases and SET 4, containing 30% of unconventional power usage, is only 
selected as the optimal system when the cost attribute is not considered (w1 = 0). This is 
simply because currently developed unconventional power generation methods and 
energy storage devices are usually costly even though they significantly decrease 



























































Figure 6-16. Optimal utility scores of the suggested systems when W2 is varied 
SET 2 SET 3 SET 6























































Figure 6-18. Optimal utility scores of the suggested systems when W4 is varied 
SET 4




























Figure 6-19. Optimal utility ystems when W5 is varied  scores of the suggested s
 
Another way of displaying the results of the sensitivity analysis is shown in 
Figure 6-20 through Figure 6-29. These figures focus not on the relative overall utility 
score of the different systems but on the system selections themselves. This displaying 
method is more useful and intuitive when people want to know which system should be 
selected with a given weight combination. However, the drawback of using this method 
is these are only three-dimensional plots so two remaining weights should be fixed at 
zero.  





Figure 6-20. Optimal system selection as a function of W1, W2, and W3 
 
Figure 6-21. Optimal system selection as a function of W , W , and W  
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Figure 6-22. Optimal system selection as a function of W1, W2, and W5 




Figure 6-24. Optimal system selection as a function of W1, W3, and W5 
 





Figure 6-26. Optimal system selection as a function of W2, W3, and W4 
 
 
Figure 6-27. Optimal system selection as a function of W2, W3, and W5 
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Figure 6-28. Optimal system selection as a function of W2, W4, and W5 
 
 
Figure 6-29. Optimal system selection as a function of W3, W4, and W5 
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6.4.2 Sensitivity Analysis for Uncertainty of Overall Attribute Scores 
In order to identify how much sensitive the overall utility score is to changes in 
the input attribute scores, overall attribute scores of two different systems (i.e., SET 1 
and SET 6, which are the most and the least suggested optimal system) are varied from 
the original values with two different discrete weight combinations shown in Table 6-7. 
The variation of the cost, footprint, and emission attribute scores are ± 10% from the 
original values and the variation of other attribute scores (i.e., perception and safety) are 
upper and lower grade score from the original values. The input scores and the variation 
of the overall attribute scores being used in this sensitivity analysis are shown in Figure 
6-30 and Figure 6-31. It is noted that the overall public perception score of SET 1 can’t 
be varied to the upper grade score because the original score of this attribute is one, 
which is the possible maximum score can be assigned to this attribute. The possible 
maximum and minimum score should be considered for attributes using the ordinal 
scales su
 
Table 6-7. Weight combinations used in the sensitivity analysis 
ch as solid/liquid emission, three perceptions, and safety.  





(W2) Air S/L Noise Gov. Ind. 
Safety 
Public Note (W5) 
1 1/9 1/9 1/9 1/9 1/9 1/9 1/9 1/9 1/9 Even 




(TWA) Gov. Ind. Public
(1) Transportation: Low sulphur diesel truck w/tier III engine, w/noise suppressor 1.000 0.500 1.000 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
(3) Site preparation: Aluminum modules + driven piles $226,261 0.005 0.989 76.265 1.000 0.500 1.000 0.500
(4) Rig type: LOC250 (CWD) $173,800 0.985 60.366 1.000 0.500 1.000 1.000
(5) Rig power (Conventional): Lean-burn natural gas engines w/noise suppressor $70,354 0.918 85.603 1.000 0.500 1.000 0.750
(6) Fuel type: Natural gas $25,650 1.000 0.500 1.000 0.750
(7) Rig power (Unconventional): Electric power from grid (10 %) $3,840 0.000 1.000 0.000 0.500 1.000 1.000 1.000
(8) Energy storage: Flywheels $30,000 0.000 0.500 1.000 1.000 0.750
(9) Drilling tech.: Managed pressure drilling w/noise suppressor $193,500 94.100 0.750 0.750 1.000 1.000
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $27,000 0.000 1.000 1.000 0.500 1.000 0.750
(12) Cuttings mgmt.: Cuttings injection $45,000 1.000 1.000 0.500 1.000 0.750
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $991,184 1.520 4.868 2.000 381.030 0.500 0.500 1.000 0.500
Single Attribute Utility Values (Original) 0.811 0.966 0.768 1.000 0.988 0.500 0.500 1.000 0.500
Used Upper Bound Scores $1,090,302.68 1.67 5.35 2.00 419.13 0.75 0.75 1.00 0.75















(TWA) Gov. Ind. Public
(1) Transportation: Coventional diesel truck 0.250 1.000 0.250 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $132,000 1.515 0.964 82.870 1.000 0.500 1.000 1.000
(3) Site preparation: DURA-BASE from Composite Mat (rent) $90,000 1.033 0.976 79.945 0.750 0.750 0.750 1.000
(4) Rig type: LOC250 (CWD) $167,000 0.977 77.458 1.000 0.500 1.000 1.000
(5) Rig power (Conventional): Internal combustion engine $50,000 0.338 107.998 0.500 1.000 0.500 0.750
(6) Fuel type: Conventional diesel $45,600 0.500 1.000 0.500 0.500
(7) Rig power (Unconventional): N/A (0 %) $0 0.000 1.000 0.000 0.250 1.000 0.250 1.000
(8) Energy storage: N/A $0 0.000 0.250 1.000 0.250 1.000
(9) Drilling tech.: Underbalanced drilling w/noise suppressor $184,500 95.700 0.750 0.750 0.750 0.750
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Lined reserve pit + solid control equip.* $18,000 0.037 0.500 0.750 0.750 0.750 0.500
(12) Cuttings mgmt.: Cuttings injection $45,000 1.000 1.000 0.500 1.000 0.750
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $780,040 2.585 4.254 1.500 443.971 0.250 0.500 0.250 0.500
Single Attribute Utility Values 0.935 0.756 0.613 0.600 0.820 0.250 0.500 0.250 0.500
Used Upper Bound Scores $858,044.00 2.84 4.68 1.65 488.37 0.50 0.75 0.50 0.75











Figure 6-31. Input values and variation of the overall attribute scores of SET 6  
 
Figure 6-32 through Figure 6-39 show the sensitiveness of the input attribute 
scores of the two systems with two discrete weight combinations given in Table 6-7. In 
Figure 6 e a  the air 
emission attribute seems to be the most sensitive attribute among the nine attributes. In 
Figure 6-33, however, perception and safety attributes seem to change the overall utility 
score of SET 1 more than other attributes. This is because the cost, footprint, and 
emission attributes vary by only ± 10% from the original values while perception and 
safety attributes vary by about 20% ~ 100% from the original values due to the grade 
score scale (i.e., 0, 0.25, 0.50, 0.75, 1.00).  
The weight factor assigned to each attribute is very important element when 
identifying the sensitiveness of input attribute scores. In Figure 6-34, for example, the 
cost attribute seems to be the most sensitive attribute for SET 1, which is not the same 
result shown in Figure 6-32. This is simply because the weight assigned to each attribute 
is different between these two figures. The weight assigned to the cost attribute is 1/9 in 
Figure 6-32 while the weight is 0.40 in Figure 6-34. The noise emission attribute seems 
to be the most sensitive attribute for SET 6 with ‘Even’ weight combination as shown in 
Figure 6-36. It is indicated that since the noise attribute utility curve is not a linear, the 
result of the variation (± 10%) does not seem to be symmetrical from the original value. 
-32, for example, since steeper slope indicates more sensitiv ribute,tt
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Figure 6-32. Spider graph for SET 1 with ‘Even’ weight combination in Table 6-7 
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Figure 6-33. Tornado diagram for SET 1 with ‘Even’ weight combination 
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Figure 6-34. Spider graph for SET 1 with ‘Base’ weight combination in Table 6-7 
 
Tornado Diagram for U-value








% Change from Base Value
Air
ost





Figure 6-35. Tornado diagram for SET 1 with ‘Base’ weight combination  
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Figure 6-36. Spider graph for SET 6 with ‘Even’ weight combination in Table 6-7 
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Figure 6-37. Tornado diagram for SET 6 with ‘Even’ weight combination  
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Figure 6-38. Spider graph for SET 6 with ‘Base’ weight combination in Table 6-7 
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Figure 6-39. Tornado diagram for SET 6 with ‘Base’ weight combination  
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In summary, if weight factors are evenly distributed to each attribute, air 
emission score and noise emission score are the most sensitive inputs for SET 1 and SET 
6 as shown in Figure 6-32 and Figure 6-36, respectively. On the other hand, if weight 
factors are not evenly distributed to each attribute, the most sensitive input attribute can 
be identified after running the sensitivity analysis described in this section.  
 
6.5 Lessons Learned 
The knapsack optimization routine (APPENDIX B) was initially run for each 
weight combination in this case study. However, the critical issue arose while 
conducting the sensitivity analysis. Using the branch-and-bound optimization algorithm 
given in “Microsoft Excel Solver”, it was not always able to find the global optimal 
solution. In some cases “Microsoft Excel Solver” was trapped at a local optimal solution. 
Therefore, in order to always get the global optimal solution (i.e., retain system with 
ma dy, 
but the complexity of the optimization problem grew rapidly with the number of 
decision variables. For example, once the number of potential systems was greater than a 
million, it was not reasonable to perform the exhaustive search analysis due to the 
computing time. Therefore, it is suggested that the number of possible technologies in 
some subsets be limited to ensure that the total number of possible system is less than a 
million. Section 6 illustrates an EFD technology selection problem with a smaller 
number of possible systems, about twenty thousand systems. The sensitivity analysis 
was successfully conducted with that smaller number of possible systems. One of the 
future research tasks is to develop optimization methods that can efficiently search the 
entire (not truncated) solution space using only standard personal computers. 
Throughout this section, it is possible to suggest a small number of suitable 
systems that are particularly attractive for Green Lake drilling site. Six different drilling 
systems are suggested for this case study as shown in Figure 6-13. Since there are many 
uncerta  small 
changes in those inputs they use affect the EFD technology selections. Figure 6-15 gives 
ximum overall utility score), an exhaustive search optimization was used in this stu
inties in the inputs being used, decision-makers want to see whether or not
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an example of the optimal systems of varying the weight on the cost attribute (W1) from 
zero to one. As W1 increases in Figure 6-15, cheaper technologies are selected. For 
example, the technology selected for subset (1) is changed from conventional diesel 
trucks to low sulphur diesel trucks with tier III engine and with noise suppressor when 
W1 increases to 0.6 or more.  
Effective displays of sensitivity analyses are crucial as an aid in decision-making 
process, and also as an aid in explaining EFD technology selections to interested parties. 
The main purpose of displaying the results of sensitivity analyses graphically is to help 
the decision-makers better understand what the results mean (Guikema and Milke 2003). 
Therefore, the display methods chosen in any given situation should be illustrated by the 
abilities and needs of the decision-makers. For example, more complicated displays such 
as Figure 6-15 through Figure 6-19 can be used to technically trained people while 
simpler displays such as Figure 6-20 and Figure 6-29 should be used to less technically 
trai
More extensive sensitivity analyses an be conducted for other input variables 
such as the utility function for each attribute to suggest more robust optimal systems but 
they involve a trade-off between increased computational time for the analysis and the 




ned people.  
 c
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7. PROTOTYPE OF A WEB-BASED DECISION OPTIMIZATION 
TOOL 
 
7.1 Introduction  
A prototype of a web-based application has been developed to help decision-
makers easily follow the systems approach technology evaluation procedure described in 
Section 5 and then select an optimal drilling system for a specific site. The main reason 
to develop the web-based application instead of a stand alone computer application is 
that the qualified users can use the web-based application as long as they can access the 
Internet regardless of their locations. Furthermore, it can also help to manage used input 
parameters permanently if a central repository is maintained regularly so that decision-
ma or 
their future operations in different ecosystem . 
 
7.2 Input and Output Appearance  
The application has been developed by Active Server Pages (ASP) and uses 
ccess database. Figure 7-1 shows how to evaluate available technologies 
n in the dashed rectangle of Figure 7-1 shows the list 
of subsets as described in Section 5.2 and the right column of Figure 7-1 shows 
evaluated technologies (upper) and the input boxes for the evaluation (lower).  
 
kers or drilling operators can easily retrieve a previously designed well model f
s
Microsoft A
within each subset. The left colum
 
Figure 7-1. Evaluation page for ‘Road Construction’ subset 
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After evaluating available technologies within each subset, users should assign 
weight factor for each attribute to decide how much important each attribute. All of the 
weights are positive, and they must sum to one (the standard normalization technique 
used in decision analysis). The following Figure 7-2 shows an example of assigned two 
different weight scenarios. Once users assign the weight factors, this application shows 
up to ten optimal systems (top ten results) for one weight scenario among all possible 
rs’ preference as shown in Figure 7-2. systems according to use
 
 
Figure 7-2. Assigned weight scenarios 
 
 
Figure 7-3. An example of the final result page 
 124
Figure 7-3 shows an example of the final result page. In this example, this 
application shows the technologies selected in the optimal system based on the assigned 
weight scenario as well as the overall utility score associated with the optimal system.  
The overall utility score is scaled from zero to one and the higher score is the better.  
 
7.3 Ev
st, the class members learned first hand of some of the newer 
technol
stem with almost 60 students using the web-based optimization tool to 
select the most appropriate practices to include in their well designs. Lastly, by having 
such a large group searching for data, the developer of the software populated the 
database of technologies with actual cost numbers and contact information. At the 
conclusion of the study more than 100 different techniques had been identified, 
characterized, and catalogued. 
The answer for the question about the usefulness of the web-based decision 
optimization tool was an unqualified ‘yes’ as shown in Figure 7-4. Figure 7-4 is the 
summary of the responses to a questionnaire distributed at the conclusion of the semester. 
Almost 74% of the class students felt that the program helped select optimal systems for 
their well designs. A compilation of individual responses is contained in APPENDIX C. 
aluation of the Web-Base Application  
The Harold Vance Department of Petroleum Engineering at Texas A&M 
University has incorporated an EFD system design into its PETE 661 graduate drilling 
class. The “661 Team Challenge” semester project was assigned to the students to 
“design a well on paper” using low impact drilling technologies. A systems approach to 
technology evaluation was utilized to incorporate a number of current and emerging 
EFD technologies into a single clean drilling system with limited environmental impact.  
The Team Challenge project provided a number of positive results to its 
participants. Fir
ogies available to drilling contractors and operators available for lessening the 
impact for drilling operations. Next the landowner (McFaddin Ranch personnel) learned 
of the cost benefit of certain technology some of which could not be justified based on 









Figure 7-4. Result of survey for the web-based decision optimization tool 
 
It is crucial to keep the web-based application updated as the technology 
evaluation protocol has been continuously refined by EFD subject matter experts’ 
comments and feedbacks. The list of subsets used in this application, however, is not the 
same as the one described in Section 5 because the current version of the application has 
not been updated since January 2008. For example, the technology evaluation protocol 
uttings treatment’ subset instead of ‘Well 
constru
not also 
considered in this web-based application yet. One of the future research tasks is to 
update the current web-based application with the refined technology evaluation 
protocol.  
 
described in Section 5 considers ‘C
ction’ subset used in the web-based application shown in Figure 7-1. Two other 
attributes (noise emission and safety) described in Section 5.3 are not also considered in 
the current web-based application. When estimating the total cost of a technology, 
drilling time is very important variable because the total cost of the technology should be 
changed according to the total drilling time of a system. However, it is 
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8. SUMMARY AND CONCLUSIONS 
 
This section reviews the objectives of this research, contribution of this research, 
and presents the recommendations for future work. 
 
8.1 Summary  
The key objectives of this research are to: 
1. Help the oil industry engineers to get a basic concept about environmentally friendly 
foundation designs of a rig or an elevated platform for various weights and soil 
conditions.  
2. Develop a technology evaluation protocol based on a systems analysis to 
synergistically incorporate a number of current and emerging EFD technologies into 
a single and clean drilling system with limited environmental impact and then to 
suggest a small num ly attractive for a given 
site.   
3. Develop a prototype of a web-based decision optimization tool to help decision-
makers easily follow the proposed technology evaluation procedure and then select 
an optimal drilling system for a specific site. 
 
8.1.1 Parametric Study of Foundations for Drill Sites   
Three different types of foundations for drill sites were considered in Section 4. 
First two types were pile foundations (i.e., driven pile and bored pile). About one 
thousand different cases of pile capacity calculations were conducted depending on 
various soil types, pile types, and design methods. The optimal pile selection procedure 
was also described in Section 4.2.4. The other type was Dura-Base Composite Mat. The 
feasibility study of using the Dura-Base Composite Mat System for the drill site 
construction was demonstrated with various applied load areas from 6 inches to 10 ft of 
diameter and soil typ





ecision tool has been developed based on a systems analysis in Section 5. An 
ation of multi-attribute utility theory 
and ex
problem
tility score of the system as “∑ kiui.” 
Step 8: 
evelopment of a Systems Approach to Technology Evaluation 
In order to integrate current and new EFD technologies into a viable drilling 
system compatible with environmentally sensitive areas and finally to suggest a small 
number of systems that should be particularly attractive for a given site, a quantitat
d
optimization scheme is suggested based on a combin
haustively enumerating all possible technology combinations to provide a 
quantitative rationale and suggest the best set of systems according to a set of attribute, 
with the relative importance of the different attribute defined by the decision-maker.  
Since an optimal system for a specific site would be based on subjectively 
assessed data, there can be considerable uncertainty about the input parameters used. 
Therefore, a sensitivity analysis was conducted using a case study to address this 
 in Section 6. The overall procedure is briefly illustrated as follows: 
Step 1: Identify the main subsystems, subsets, and technologies within each subset. 
Step 2: Define attributes and develop attribute scales to evaluate technologies. 
Step 3: Assign scores to all technologies using the attribute scales. 
Step 4: For each attribute, calculate the overall attribute score of a system by adding 
the technology scores or selecting the minimum technology score. 
Step 5: For each attribute and in order to homogenize the scores, develop a “utility 
function (ui)” to convert the overall dimensional score of a system (e.g., $, 
acres, and grades) into a non-dimensional utility value (between 0 and 1) of the 
system that reflects the decision-maker(s) value. 
Step 6: Decide on a weight factor (ki) for each attribute (ith). 
Step 7: Calculate the overall u
Use optimization technique to evaluate all possible systems and to find the best 
system for a specific site.  
Step 9: Conduct a sensitivity analysis to examine the impacts of possible changes in 
the attribute scores and weight factors on the optimal system. 
Step 10: Suggest a small number of systems that should be attractive for a given site. 
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8.1.3 A Case Study with Pre-Specified Systems  
An application of the proposed approach was described by conducting a case 
study in Green Lake at McFaddin, TX. The main purpose of this case study was to test 
the proposed technology evaluation protocol in a real site and then to refine the protocol. 
The results of the case study which provided a more logical and comprehensive 
approach that maximized the economic and environmental goals of both the landowner 
and the oil company leaseholder were fully described in Section 6. 
 
8.1.4 Development of a Prototype of a Web-Based Application  
cision-
makers easily follow the proposed technology evaluation procedure and then select an 
optima
s that the computational burden of the procedure may become prohibitive for 
problem th a large number of decision variables. One possible way to resolve this 
problem in this research is if the analyst can identify subsets that will always select the 
same technology for any weight combinations, the elimination of those subsets from the 
A prototype of a web-based application has been developed to help de
l drilling system for a specific site. The web-based application can also help to 
manage used input parameters permanently if a central repository is maintained regularly 
so that decision-makers or drilling operators can easily retrieve a previously designed 
well model for their future operations in different ecosystems. 
 
8.2 Conclusions  
Throughout this research, parametric study of foundations for drill sites is 
conducted, a systems optimization approach is suggested based on a combination of 
multi-attribute utility theory and exhaustive search optimization, and a web-based 
decision optimization tool is developed based on the proposed systems approach to 
technology evaluation. The proposed technology evaluation protocol is designed to help 
decision-makers with their choices of EFD technology in onshore drilling operations. 




original thirteen sub ens in future steps 
and also simplify the graphical display of sensitivity results. 
Since the suggested systems would be based on subjectively assessed data, there 
can be
solution (SET 1) is only optimal for 
about 42% of the weight combinations tested, which implies that different systems 
ted for 58% of plausible weight combinations. It indicates that the 
sensitiv worthy topic for further investigation. 
tivity analysis for multi-attribute technology selection problems was 
nt area for further research. 
on (Rehm et al. 2008). However, these 
selection methods are only available for a specific technology or subset, not for an entire 
sets can significantly reduce computational burd
 considerable uncertainty about the input parameters used. In the case study 
described in Section 6, the most suggested optimal 
would be sugges
ity analysis conducted in Section 6.4 is a 
The sensitivity of the optimal solution to the input parameters and the effects of the 
uncertainty of those parameters were examined and an approach that can be used to 
conduct a sensi
presented in Section 6.4. Although the focus of the sensitivity analysis presented in this 
research has been on sensitivity to weights and overall input attribute scores, the 
approach could also be applied to sensitivity to risk attitude (i.e., risk-neutral, risk-
averse, and risk-seeking) or to other input parameters. The sensitivity to those unapplied 
input parameters is an importa
The petroleum industries have several candidate selection methods for some 
technologies and subsets. For example, they have some common concepts in candidate 
selection for a managed pressure drilling operati
drilling system.  
In conclusion, the technology selection process for a drilling system is mainly 
based on managerial experience, but a more logical approach based on systems analysis 
is possible, and additional research could reduce the amount of effort required to use 
systems analysis for technology selection in a drilling project. Even though the 
technology selection process can be computationally burdensome, it can be very helpful 
to decision-makers in refining their decisions on a more scientific basis.  
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8.3 Future Tasks 
In order to encourage petroleum industry people to use environmentally friendly 
foundations such as elevated platforms and composite mat systems more often for their 
drilling sites instead of using gravel pads, it is suggested that more specific feasibility 
study of using those methods including cost estimations be conducted.  
Estimating input values for available technologies are a very difficult step to 
proceed with the quantitative approach suggested in this research. The outcomes of the 
process should be brought into a question without having the adequate input values. 
Missing input information introduces additional errors into the analysis because the 
missing
le, 
e to the 
anced optimization 
standard  to use the 
task.  
In
weights e sensitivity analyses can be 
erse, and risk-seeking), to 
 The sensitivity to 
A  is to keep the web-based application developed in 
refined b is very important 
 information represents another assumption that must be made to proceed with 
the analysis (Rehm et al. 2008). One of the future research tasks is to get more EFD 
subject matter experts’ inputs and feedbacks to make the proposed technology selection 
procedure easier and quicker with more confidence.  
Even though exhaustive search optimization used in this research is a simp
practical, and very robust method, it is not recommended for a larger problem du
computing time. Another future research task is to develop adv
methods that can efficiently search the entire (not truncated) solution space using only 
personal computers. In order to encourage oil industry people
proposed technology selection procedure for their real works, it seems to be an essential 
 Section 6.4, the sensitivity analysis was conducted focused on sensitivity to 
and overall input attribute scores. More extensiv
applied to sensitivity to risk attitude (i.e., risk-neutral, risk-av
the utility function for each attribute, or to other input parameters.
those unapplied input parameters is an important area for further research. 
nother future research task
this research updated as the technology evaluation protocol has been continuously 
y EFD subject matter experts’ comments and feedbacks. This 
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task to encourage oil field professionals to try the application for their real works with 
more c
ing properly existing 
types of evidence (i.e., data, numerical models, and experts’ inputs) and their 
 formally account for 
the cau
d risk index. A risk index 
will serve as the reference parameter for the selection of an optimal EFD system and will 




The single and multi-attribute utility values used in this research represent 
average estimates that reflect deterministic conditions possibly containing significant 
and sometimes varying uncertainty components.  A new uncertainty-based methodology 
can be proposed as a future research task for complementing the current technology 
evaluation protocol by introducing an approach capable of manag
corresponding uncertainty levels.  Moreover, it can be proposed to
sal uncertainty propagation in the common process of a drilling operation, 
selection of an optimal EFD system, and the assessment of the corresponding 
environmental impact. 
Medina-Cetina et al. (2008) suggested an uncertainty-based system based on 
causal probability and it will help to identify and quantify major and minor sources of 
uncertainty, which will propagate towards an uncertainty-base
also provide a logi
. For instance, two drilling systems with similar overall utility scores may differ 
significantly in their corresponding uncertainty measures and consequently on the 
potential losses associated with the selection of one of them. By using a risk index 
instead, based on default and knowledge building probability distributions (Medina-
Cetina et al. 2008), it will be possible to differentiate the impact of new evidence or 
simply the addition of new information into a system so that an optimal drilling system 
selected for a specific site can be driven not only by weight combinations, but also by 
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d vertical load  Unfactore s= 1000.000 kips
1000.000 × 0.650







[ Cross section of the platform for the one module in design]
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∴
  65 % of the vertical loads were distributed across 6 modules, 
6.000
d dead load (30% of the total vertical loads) = 32.500 kips (p
(per module)= 108.333 kips
 Unfactored live load (70% of the total vertical loads) = 75.833 kips (per module)
le Layout

















z1 = 82 ft A1 = 900.000 ft2 Normal V = 25 m/s
= 23 ft A2 = 1120.000 ft2 Extreme V = 49 m/s






Ve1  = 181.185 ft/sec
For the rom the top of the pile = 18 ft),
W2  6)² (1)(1120) = 8.289 kips
For the 
We2  ² (1)(1120) = 31.841 kips
For the rom the top of the pile = 2 ft),
0.125
W3 =
We3  e3) CsA
ρ = 0.00238 lb·sec2/ft4
W1 (distance from the top of the pile = 77 ft),
V1 =   V(1hr, zR)(z1/zR)
0.125 = (25 m/sec)(3.3 ft/sec)(82/33) = 92.441 ft/sec
=   (ρ/2)(V1)2CsA = (0.00238/2)(92.441)² (1)(900) = 9.152 kips
0.125
extreme We1,
=   V(1hr, zR)(z1/zR)
0.125 = (49 m/sec)(3.3 ft/sec)(82/33)
We1 =   (ρ/2)(Ve1)2CsA = (0.00238/2)(181.185)² (1)(900) = 35.159 kips
W2 (distance f
V2  =   V(1hr, zR)(z2/zR)
0.125 = (25 m/sec)(3.3 ft/sec)(23/33) = 78.860 ft/sec
=   (ρ/2)(V2)2CsA = (0.00238/2)(78.8
extreme We2,
Ve2  =   V(1hr, zR)(z2/zR)
0.125 = (49 m/sec)(3.3 ft/sec)(23/33) = 154.565 ft/sec
=   (ρ/2)(Ve2)2CsA = (0.00238/2)(154.565)
W3 (distance f
V3  =   V(1hr, zR)(z3/zR) = (25 m/sec)(3.3 ft/sec)(7/33) = 67.964 ft/sec





For the extreme We3,
Ve3  =   V(1hr, zR)(z3/zR)
0.125 = (49 m/sec)(3.3 ft/sec)(7/33) = 133.209 ft/sec
=   (ρ/2)(V 2 = (0.00238/2)(133.209)² (1)(200) = 4.223 kips
0.125
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▣ Load Combinations (API RP2A - LRFD)
  Q1 = 1.3DL +1.5LL
  Q2 = 1.3DL + 1.5LL + 1.2Wo 
  Q3 = 1.1DL + 1.1LL + 1.35We 
  where,   DL = dead loads
LL = live loads
Wo = wind load for normal condition
We = extreme wind load (typically 100 yrs return period)
Q1 = × DL + × LL
∑V = 1.30 × 32.500 + 1.50 × 0 kips
Q2 = × DL + × LL + × Wo
∑V = 1.30 × 32.500
∑H = 1.20 × ( 9.152
∑M = 1.20 × ( 9.152 × 77.000 + 8.289 × 18.000






kips·ft 82.186 kips 82.186 kips
Hence,
Total compressive force for one pile = 156.000 / 2 + 82.186 / 3 = 105.395 kips
Total uplift force for one pile = 156.000 / 2 - 82.186 / 3 = 50.605 kips
∴ No uplift force!
75.833 = 156.00
+ 1.50 × 75.833 = 156.000 kips
+ 8.289 + 1.099 ) = 22.248 kips
t)
Q3 = × DL + × LL + × We
∑V = 1.10 × 32.500 + 1.10 × 75.833 = 119.166 kips
∑H = 1.35 × ( 35.159 + 31.841 + 4.223 ) = 96.151 kips
∑M = 1.35 × ( 35.159 × 77.000 + 31.841 × 18.000






kips·ft 355.193 kips 355.193 kips
Hence,
Total compressive force for one pile = 119.166 / 2 + 355.193 / 3 = 177.981 kips










γsub = 64.6 pcf
NSPT = bpf
▣ Vertical Capacity of the Pile (RP2A)
a. Unit end bearing capacity
qp = Po' · Nq
where: Po' = effective overburden pressure at the point in question
Nq = dimensionless bearing capacity factor = (very dense)
b. Unit skin friction capacity
fs = K · Po' · tanδ
where: K = dimensionless coefficient of lateral earth pressure 
(ratio of horizontal to vertical normal effective stress)
= (full displacement piles, plugged or closed end)
δ = friction angle between the soil and pile wall = 35 ° (very dense)
c. Ultimate vertical capacity
Qu = Qp + Qs = qpAp + fsAs 
where: Ap = gross end area of pile = πD2/4 (where, D: diameter of pile)








1. Operating Environmental Conditions
Resistance Factors, φ =
Diameter, D = 12 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0
635.000 31.750 24.936 0.222 3.487 28.423 19.896 2.441
1270.000 63.500 49.873 0.445 13.980 63.853 44.697 9.786
1905.000 95.250 74.809 0.667 31.432 106.241 74.369 22.002
2540.000 127.000 99.746 0.889 55.858 155.604 108.923 39.101
2863.000 143.150 112.430 1.090 85.577 198.007 138.605 59.904
3186.000 159.300 125.114 1.261 118.846 243.960 170.772 83.192
3509.000 175.450 137.798 1.414 155.531 293.329 205.330 108.872
3832.000 191.600 150.482 1.538 193.230 343.712 240.598 135.261
Diameter, D = 16 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0 0
5 635.000 31.750 44.331 0.222 4.650 48.981 34.287 3.255
10 1270.000 63.500 88.663 0.445 18.640 107.303 75.112 13.048
15 1905.000 95.250 132.994 0.667 41.909 174.903 122.432 29.336
20 2540.000 127.000 177.325 0.889 74.477 251.802 176.261 52.134
25 2863.000 143.150 199.875 1.090 114.103 313.978 219.785 79.872
30 3186.000 159.300 222.425 1.261 158.462 380.887 266.621 110.923
35 3509.000 175.450 244.974 1.414 207.375 452.349 316.644 145.163
40 3832.000 191.600 267.524 1.538 257.641 525.165 367.616 180.349
Diameter, D = 20 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0 0
5 635.000 31.750 69.268 0.222 5.812 75.080 52.556 4.068
10 1270.000 63.500 138.536 0.445 23.300 161.836 113.285 16.310
15 1905.000 95.250 207.803 0.667 52.386 260.189 182.132 36.670
20 2540.000 127.000 277.071 0.889 93.096 370.167 259.117 65.167
25 2863.000 143.150 312.305 1.090 142.628 454.933 318.453 99.840
30 3186.000 159.300 347.539 1.261 198.077 545.616 381.931 138.654
35 3509.000 175.450 382.773 1.414 259.219 641.992 449.394 181.453
40 3832.000 191.600 418.006 1.538 322.051 740.057 518.040 225.436
Diameter, D = 24 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0 0
5 635.000 31.750 99.746 0.222 6.974 106.720 74.704 4.882
10 1270.000 63.500 199.491 0.445 27.960 227.451 159.216 19.572
15 1905.000 95.250 299.237 0.667 62.863 362.100 253.470 44.004
20 2540.000 127.000 398.982 0.889 111.715 510.697 357.488 78.201
25 2863.000 143.150 449.719 1.090 171.154 620.873 434.611 119.808
30 3186.000 159.300 500.456 1.261 237.693 738.149 516.704 166.385
35 3509.000 175.450 551.192 1.414 311.063 862.255 603.579 217.744
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2. Extreme Environmental Conditions
Resistance Factors, φ =
(uplift)
Diameter, D = 12 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0
5 635.000 31.750 24.936 0.222 3.487 28.423 22.738
10 1270.000 63.500 49.873 0.445 13.980 63.853 51.082
15 1905.000 95.250 74.809 0.667 31.432 106.241 84.993
20 2540.000 127.000 99.746 0.889 55.858 155.604 124.483
25 2863.00 112.
inches
0 143.150 430 1.090 85.577 198.007 158.406
30 3186.000 159.300 125.114 1.261 118.846 243.960 195.168
35 3509.000 175.450 137.798 1.414 155.531 293.329 234.663
40 3832.000 191.600 150.482 1.538 193.230 343.712 274.970
Diameter, D = 16  
Depth [ft] Po f] q' [ps p [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0
5 635.000 31.750 44.331 0.222 4.650 48.981 39.185
10 1270.000 63.500 88.663 0.445 18.640 107.303 85.842
15 1905.000 95.250 132.994 0.667 41.909 174.903 139.922
20 2540.000 127.000 177.325 0.889 74.477 251.802 201.442
25 2863.000 143.150 199.875 1.090 114.103 313.978 251.182
30 3186.000 159.300 222.425 1.261 158.462 380.887 304.710
35 3509.000 175.450 244.974 1.414 207.375 452.349 361.879
40 3832.000 191.600 267.524 1.538 257.641 525.165 420.132
Diameter, D = 20 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0
5 635.000 31.750 69.268 0.222 5.812 75.080 60.064
10 1270.000 63.500 138.536 0.445 23.300 161.836 129.469
15 1905.000 95.250 207.803 0.667 52.386 260.189 208.151
20 2540.000 127.000 277.071 0.889 93.096 370.167 296.134
25 2863.000 143.150 312.305 1.090 142.628 454.933 363.946
30 3186.000 159.300 347.539 1.261 198.077 545.616 436.493
35 3509.000 175.450 382.773 1.414 259.219 641.992 513.594
40 3832.000 191.600 418.006 1.538 322.051 740.057 592.046
Diameter, D = 24 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0
5 635.000 31.750 46 0.222 74 106.720 85.376
10 1270.000 63.500 199.491 0.445 27.960 227.451 181.961
15 1905.000 95.250 299.237 0.667 62.863 362.100 289.680
20 2540.000 127.000 398.982 0.889 111.715 510.697 408.558
25 2863.000 143.150 449.719 1.090 171.154 620.873 496.698
30 3186.000 159.300 500.456 1.261 237.693 738.149 590.519
35 3509.000 175.450 551.192 1.414 311.063 862.255 689.804
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▣ Horizontal Capacity of the Pile (SALLOP)
For free head,
H0 = 16.025 kips
5.0 ft = h
M0 = 80.125 kips·ft
20.0 ft
20 in. (wall thickness = 0.375 in.)
E0 = 4·NSPT = 4 × 50 = 200.000 tsf = 400.000 ksf
K = 2.3 · E0 = 2.3 × 400.000 = 920.000 ksf
E = psi (Steel pile) = 4.18E+06 ksf
I = (πDo
4)/64 - (πDi
4)/64 = 1113.470 in.4 = 0.05370 ft4
l0 = (4EI/K)1/4 = ( 4 × 4.18E+06 × 0.05370 / 920.000 )1/4 = 5.588 ft
where, E0 = pressuremeter load modulus
K = soil spring constant
E = modulus of elasticity for the pile material
I = moment of inertia for the pile , H0 = horizontal loa
2.90E+07
d
l0 = transfer length , M0 = applied moment at the ground surface
Embedded pile length, L = 20.0 ft ≥ 3 · l。 = 16.764 ft ∴ long flexible pile!
 1. Lateral Pile Capacity
The zero-shear depth Dv is obtained by setting V (shear force) = 0;
Dv = l0·tan
-1{1/(1+2h/l0)} = 1.923 ft
PL = 0.5·NSPT = 0.5 × 50 = 25.000 tsf = 50.000 ksf
Hou = 0.75·PL·B·Dv = 0.7 50.000 × 1.667 × 1.923 = 120.188 kips
φ·Hou = 0.750 × 120.188 = 90.141 kips > H0 = 16.025 kips ∴ O.K!
5 ×
where, Dv = zero-shear depth
PL = preboring pressuremeter limit pressure within Dv
Hou = lateral capacity of pile
 2. Lateral Movement at The Ground Surface
y0 = (1+h/l0)·H0·l0
3 / (2EI) = 0.012 ft = 0.144 in. < 0.500 in. ∴ O.K!
 3. Lateral Movement at The Pile Head
δ = {(1+h/l0)
3 + 0.5}·H0·l0
3 / (3EI) = 0.030 ft = 0.360 in. < 0.500 in. ∴ O.K!
 4. Maximum Bending Moment 
Maximum bending moment can be found by finding the value of Zmax which satisfied V = 0.
Zmax = Dv = 1.923 ft
Mmax = 0.5·H0l0·exp-(Zmax/l0)·√{(1+ 2h/l0)2 + 1}
= 94.050 kips·ft
 5. Check for Creep
P = K · y0 = 920.000 × 0.012 = 11.040 kips/ft
Pa = P / B = 11.040 / 1.667 = 6.624 ksf
where, P = the load per unit length of pile
Pa = average corresponding pressure
F.S = PL / Pa = 50.000 / 6.624 = 7.548 > 2 ∴ O.K!
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For fixed head, Mh = -84.836 kips·ft
H0 = 16.025 kips
E0
K
5.0 ft = h
20.0 ft
20 in. (wall thickness = 0.375 in.)
= 4·NSPT = 4 × 50 = 200.000 tsf = 400.000 ksf
= 2.3 · E0 = 2.3 × 400.000 = 920.000 ksf
E = psi (Steel pile) = 4.18E+06 ksf
I = (πDo
4)/64 - (πDi
4)/64 = 1113.470 in.4 = 0.05370 ft4
l0 = (4EI/K)1/4 = ( 4 × 4.18E+06 × 0.05370 / 920.000 )1/4 = 5.588 ft
Mh = -0.5 · (1 + h/l0) · H0 · l0 = -84.836 kips·ft ( )
where, E0 = pressuremeter load modulus
K = soil spring constant
E = modulus of elasticity for the pile material
I = moment of inertia for the pile , H0 = horizontal loa
2.90E+07
d
l0 = transfer length , Mh = applied moment at the pile head
Embedded pile length, L = 20.0 ft ≥ 3 · l。 = 16.764 ft ∴ long flexible pile!
 1. Lateral Pile Capacity
The zero-shear depth Dv is obtained by setting V (shear force) = 0;
Dv = l0·tan
-1(l0/h) = 4.699 ft
PL = 0.5·NSPT = 0.5 × 50 = 25.000 tsf = 50.000 ksf
Hou = 0.75·PL·B·Dv = 0.75 × 50.000 × 1.667 × 4.699 = 293.688 kips
φ·Hou = 0.750 × 293.688 = 220.266 kips > H0 = 16.025 kips ∴ O.K!
where, Dv = zero-shear depth
PL = preboring pressuremeter limit pressure within Dv
Hou = lateral capacity of pile
 2. Lateral Movement at The Ground Surface
y0 = (1+h/l0)·H0·l0
3 / (4EI) = 0.006 ft = 0.072 in. < 0.500 in. ∴ O.K!
 3. Lateral Movement at The Pile Head
δ = {(1+h/l0)
3 + 2}·H0·l0
3 / (12EI) = 0.009 ft = 0.108 in. < 0.500 in. ∴ O.K!
 4. Maximum Bending Moment 
Maximum bending moment can be found by finding the value of Zmax which satisfied V = 0.
Zmax = Dv = 4.699 ft
Mmax = 0.5·H0l0·exp-(Zmax/l0)·√{1+(h/l0)2}
= 25.914 kips·ft
 5. Check for Creep
P = K · y0 = 920.000 × 0.006 = 5.520 kips/ft
Pa = P / B = 5.520 / 1.667 = 3.312 ksf
where, P = the load per unit length of pile
Pa = average corresponding pressure
F.S = PL / Pa = 50.000 / 3.312 = 15.097 > 2 ∴ O.K!  
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▣ Load Combinations (API RP2A - WSD)
  Q1 = DL + LL
  Q2 = DL + LL + Wo 
  Q3 = DL + LL + We 
  where,   DL = dead loads
LL = live loads
Wo = wind load for normal condition
We = extreme wind load (typically 100 yrs return period)
Q1 = × DL + × LL
∑V = 1.00 × 32.500 + 1.00 × 75.833 = 108.333 kips
Q2 = × DL + × LL + × Wo
∑V = 1.00 × 32.500 + 1.00 × 75.833 = 108.333 kips
∑H = 1.00 × ( 9.152 + 8.289 + 1.099 ) = 18.540 kips
∑M = 1.00 × ( 9.152 × 77.000 + 8.289 × 18.000






kips·ft 68.488 kips 68.488 kips
Hence,
Total compressive force for one pile = 108.333 / 2 + 68.488 / 3 = 76.996 kips
Total uplift force for one pile = 108.333 / 2 - 68.488 / 3 = 31.337 kips
∴ No uplift force!
Q3 = × DL + × LL + × We
∑V = 1.00 × 32.500 + 1.00 × 75.833 = 108.333 kips
∑H = 1.00 × ( 35.159 + 31.841 + 4.223 ) = 71.223 kips
∑M = 1.00 × ( 35.159 × 77.000 + 31.841 × 18.000






kips·ft 263.106 kips 263.106 kips
Hence,
Total compressive force for one pile = 108.333 / 2 + 263.106 / 3 = 141.869 kips










γsub = 52.6 pcf
NSPT = bpf
▣ Bearing Capacity of the Pile (WSD)
1. Unit end bearing capacity
qp = Po' · Nq
where: Po' = effective overburden pressure at the point in question
Nq = dimensionless bearing capacity factor = (very loose)
2. Unit skin friction capacity
fs = K · Po' · tanδ
where: K = dimensionless coefficient of lateral earth pressure 
(ratio of horizontal to vertical normal effective stress)
= (full displacement piles, plugged or closed end)
δ = friction angle between the soil a ile wall = 15 ° (very loose)
3. Ultimate bearing capacity
Qu = Qp + Qs = qpAp + fsAs 
where: Ap = gross end area of pile = πD2/4 (where, D: diameter of pile)
As = side surface area of pile = πDL (where, L: length of pile)
4. Allowable bearing capacity











1. Operating Environmental Conditions
Factor of Safety =
Diameter, D = 12 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0
526.000 4.208 3.305 0.070 2.199 5.504 2.752 1.100
1052.000 8.416 6.610 0.141 8.859 15.469 7.735 4.430
1578.000 12.624 9.915 0.211 19.886 29.801 14.901 9.943
2104.000 16.832 13.220 0.282 35.437 48.657 24.329 17.719
2630.000 21.040 16.525 0.352 55.292 71.817 35.909 27.646
3156.000 25.248 19.830 0.423 79.734 99.564 49.782 39.867
3682.000 29.456 23.135 0.493 108.416 131.551 65.776 54.208
4208.000 33.664 26.440 0.557 139.876 166.316 83.158 69.938
Diameter, D = 16 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0 0
10 526.000 4.208 5.875 0.070 2.932 8.807 4.404 1.466
20 1052.000 8.416 11.751 0.141 11.812 23.563 11.782 5.906
30 1578.000 12.624 17.626 0.211 26.515 44.141 22.071 13.258
40 2104.000 16.832 23.502 0.282 47.250 70.752 35.376 23.625
50 2630.000 21.040 29.377 0.352 73.723 103.100 51.550 36.862
60 3156.000 25.248 35.253 0.423 106.311 141.564 70.782 53.156
70 3682.000 29.456 41.128 0.493 144.555 185.683 92.842 72.278
80 4208.000 33.664 47.004 0.557 186.502 233.506 116.753 93.251
Diameter, D = 20 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0 0
10 526.000 4.208 9.180 0.070 3.665 12.845 6.423 1.833
20 1052.000 8.416 18.361 0.141 14.765 33.126 16.563 7.383
30 1578.000 12.624 27.541 0.211 33.144 60.685 30.343 16.572
40 2104.000 16.832 36.722 0.282 59.062 95.784 47.892 29.531
50 2630.000 21.040 45.902 0.352 92.153 138.055 69.028 46.077
60 3156.000 25.248 55.083 0.423 132.889 187.972 93.986 66.445
70 3682.000 29.456 64.263 0.493 180.694 244.957 122.479 90.347
80 4208.000 33.664 73.443 0.557 233.127 306.570 153.285 116.564
Diameter, D = 24 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0 0
10 526.000 4.208 13.220 0.070 4.398 17.618 8.809 2.199
20 1052.000 8.416 26.440 0.141 17.719 44.159 22.080 8.860
30 1578.000 12.624 39.659 0.211 39.773 79.432 39.716 19.887
40 2104.000 16.832 52.879 0.282 70.874 123.753 61.
154
877 35.437
50 2630.000 21.040 66.099 0.352 110.584 176.683 88.342 55.292
60 3156.000 25.248 79.319 0.423 159.467 238.786 119.393 79.734
70 3682.000 29.456 92.539 0.493 216.833 309.372 .686 108.417
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2. Extreme Environmental Conditions
Factor of Safety =
(uplift)
Diameter, D = 12 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0
10 526.000 4.208 3.305 0.070 2.199 5.504 3.669
20 1052.000 8.416 6.610 0.141 8.859 15.469 10.313
30 1578.000 12.624 9.915 0.211 19.886 29.801 19.867
40 2104.000 16.832 13.220 0.282 35.437 48.657 32.438
50 2630.000 21.040 16.525 0.352 55.292 71.817 47.878
60 3156.000 25.248 19.830 0.423 79.734 99.564 66.376
70 3682.000 29.456 23.135 0.493 108.416 131.551 87.701
80 4208.000 33.664 26.440 0.557 139.876 166.316 110.877
Diameter, D = 16 inches 
Depth [ft] Po f] q' [ps p [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0
10 526.000 4.208 5.875 0.070 2.932 8.807 5.871
20 1052.000 8.416 11.751 0.141 11.812 23.563 15.709
30 1578.000 12.624 17.626 0.211 26.515 44.141 29.427
40 2104.000 16.832 23.502 0.282 47.250 70.752 47.168
50 2630.000 21.040 29.377 0.352 73.723 103.100 68.733
60 3156.000 25.248 35.253 0.423 106.311 141.564 94.376
70 3682.000 29.456 41.128 0.493 144.555 185.683 123.789
80 4208.000 33.664 47.004 0.557 186.502 233.506 155.671
Diameter, D = 20 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0
10 526.000 4.208 9.180 0.070 3.665 12.845 8.563
20 1052.000 8.416 18.361 0.141 14.765 33.126 22.084
30 1578.000 12.624 27.541 0.211 33.144 60.685 40.457
40 2104.000 16.832 36.722 0.282 59.062 95.784 63.856
50 2630.000 21.040 45.902 0.352 92.153 138.055 92.037
60 3156.000 25.248 55.083 0.423 132.889 187.972 125.315
70 3682.000 29.456 64.263 0.493 180.694 244.957 163.305
80 4208.000 33.664 73.443 0.557 233.127 306.570 204.380
Diameter, D = 24 inches 
Depth [ft] Po' [psf] qp [ksf] Qp [kips] fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0
10 5 4.208 20 0.070 98 17.618 11.745
20 1052.000 8.416 26.440 0.141 17.719 44.159 29.439
30 1578.000 12.624 39.659 0.211 39.773 79.432 52.955
40 2104.000 16.832 52.879 0.282 70.874 123.753 82.502
50 2630.000 21.040 66.099 0.352 110.584 176.683 117.789
60 3156.000 25.248 79.319 0.423 159.467 238.786 159.191
70 3682.000 29.456 92.539 0.493 216.833 309.372 206.248
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▣ Horizontal Capacity of the Pile (SALLOP)
For free head,
H0 = 11.871 kips
5.0 ft = h
M0 = 59.355 kips·ft
57.0 ft
24 in. (wall thickness = 0.375 in.)
E0 = 4·NSPT = 4 × 10 = 40.000 tsf = 80.000 ksf
K = 2.3 · E0 = 2.3 × 80.000 = 184.000 ksf
E = psi (Steel pile) = 4.18E+06 ksf
I = (πDo
4)/64 - (πDi
4)/64 = 1942.299 in.4 = 0.09367 ft4
l0 = (4EI/K)1/4 = ( 4 × 4.18E+06 × 0.09367 / 184.000 )1/4 = 9.603 ft
where, E0 = pressuremeter load modulus
K = soil spring constant
E = modulus of elasticity for the pile material
I = moment of inertia for the pile , H0 = horizontal load
l0 = transfer length , M0 = applied moment at the ground surface
Embedded pile length, L = 57.0 ft ≥ 3 · l。 = 28.809 ft ∴ long flexible pile!
2.90E+07
 1. Lateral Pile Capacity
The zero-shear depth Dv is obtained by setting V (shear force) = 0;
Dv = l0·tan
-1{1/(1+2h/l0)} = 4.374 ft
PL = 0.5·NSPT = 0.5 × 10 = 5.000 tsf = 10.000 ksf
Hou = 0.75·PL·B·Dv = 0.75 × 10.000 × 2.000 × 4.374 = 65.610 kips
Hallow = 65.610 / 3.000 = 21.870 kips > H0 = 11.871 kips ∴ O.K!
where, Dv = zero-shear depth
PL = preboring pressuremeter limit pressure within Dv
Hou = lateral capacity o
 2. Lateral Movement at The Ground Surface
y0 = (1+h/l0)·H0·l0
3 / (2EI) = 0.020 ft = 0.240 in. < 0.500 in. ∴ O.K!
f pile
 3. Lateral Movement at The Pile Head
δ = {(1+h/l0)
3 + 0.5}·H0·l0
3 / (3EI) = 0.036 ft = 0.432 in. < 0.500 in. ∴ O.K!
 4. Maximum Bending Moment 
Maximum bending moment can be found by finding the value of Zmax which satisfied V = 0.
Zmax = Dv = 4.374 ft
Mmax = 0.5·H0l0·exp-(Zmax/l0)·√{(1+ 2h/l0)2 + 1}
= 82.162 kips·ft
 5. Check for Creep
P = K · y0 = 184.000 × 0.020 = 3.680 kips/ft
Pa = P / B = 3.680 / 2.000 = 1.840 ksf
where, P = the load per unit length of pile
Pa = average corresponding pressure
F.S = PL / Pa = 10.000 / 1.840 = 5.435 > 2 ∴ O.K!
 
 151
For fixed head, Mh = -86.676 kips·ft




5.0 ft = h
57.0 ft
24 in. (wall thickness = 0.375 in.)
= 4·NSPT = 4 × 10 = 40.000 tsf = 80.000 ksf
= 2.3 · E0 = 2.3 × 80.000 = 184.000 ksf
E = psi (Steel pile) = 4.18E+06 ksf
I = (πDo
4)/64 - (πDi
4)/64 = 1942.299 in.4 = 0.09367 ft4
l0 = (4EI/K)1/4 = ( 4 × 4.18E+06 × 0.09367 / 184.000 )1/4 = 9.603 ft
Mh = -0.5 · (1 + h/l0) · H0 · l0 = -86.676 kips·ft ( )
where, E0 = pressuremeter load modulus
K = soil spring constant
E = modulus of elasticity for the pile material
I = moment of inertia for the pile , H0 = horizontal loa
2.90E+07
d
l0 = transfer length , Mh = applied moment at the pile head
Embedded pile length, L = 57.0 ft ≥ 3 · l。 = 28.809 ft ∴ long flexible pile!
 1. Lateral Pile Capacity
The zero-shear depth Dv is obtained by setting V (shear force) = 0;
Dv = l0·tan
-1(l0/h) = 10.474 ft
PL = 0.5·NSPT = 0.5 × 10 = 5.000 tsf = 10.000 ksf
Hou = 0.75·PL·B·Dv = 0.75 × 10.000 × 2.000 × 10.474 = 157.110 kips
Hallow = 157.110 / 3.000 = 52.370 kips > H0 = 11.871 kips ∴ O.K!
where, Dv = zero-shear depth
PL = preboring pressuremeter limit pressure within Dv
Hou = lateral capacity of pile
 2. Lateral Movement at The Ground Surface
y0 = (1+h/l0)·H0·l0
3 / (4EI) = 0.010 ft = 0.120 in. < 0.500 in. ∴ O.K!
 3. Lateral Movement at The Pile Head
δ = {(1+h/l0)
3 + 2}·H0·l0
3 / (12EI) = 0.012 ft = 0.144 in. < 0.500 in. ∴ O.K!
 4. Maximum Bending Moment 
Maximum bending moment can be found by finding the value of Zmax which satisfied V = 0.
Zmax = Dv = 10.474 ft
Mmax = 0.5·H0l0·exp-(Zmax/l0)·√{1+(h/l0)2}
= 21.591 kips·ft
 5. Check for Creep
P = K · y0 = 184.000 × 0.010 = 1.840 kips/ft
Pa = P / B = 1.840 / 2.000 = 0.920 ksf
where, P = the load per unit length of pile
Pa = average corresponding pressure





γsub = 64.6 pcf
Su = psf
▣ Bearing Capacity of the Pile (ADSC-LRFD)
1. Unit end bearing capacity
qp = 9 · Su (If Su ≥ 2000 psf, and depth of base ≥ 3B, B = diameter of pile)
= N*c  · Su (If Su < 2000 psf, and depth of base ≥ 3B, B = diameter of pile)
= (2/3) [1 + (1/6)(D/B)] N*c  · Su (If depth of base(D) < 3B)
2. Unit skin friction capacity
fs = α · Su
α = (for Su / Pa ≤ 1.5 and varying linearly between 0.55 and 0.45 for 1.5 < Su / Pa < 2.5)
α = (for top five feet, and bottom one diameter) 
where: α = a dimensionless adhesion factor
Pa = the atmospheric pressure = 2116 psf
3. Ultimate bearing capacity
Qu = Qp + Qs = qpAp + fsAs 
where: Ap = gross end area of pile = πD2/4 (where, D: diameter of pile)








1. Operating Environmental Conditions
Resistance Factors (φ) for end bearing = , skin friction = , uplift =
Diameter, D = 12 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0 0
9.00 18.810 14.773 0.00 0.000 0.000 14.773 8.125 0.000
9.00 18.810 14.773 0.55 1.150 14.451 29.224 17.518 7.948
9.00 18.810 14.773 0.55 1.150 32.515 47.288 29.260 17.883
9.00 18.810 14.773 0.55 1.150 50.580 65.353 41.002 27.819
9.00 18.810 14.773 0.55 1.150 68.644 83.417 52.744 37.754
9.00 18.810 14.773 0.55 1.150 86.708 101.481 64.485 47.689
9.00 18.810 14.773 0.55 1.150 104.772 119.545 76.227 57.625
9.00 18.810 14.773 0.55 1.150 122.836 137.609 87.969 67.560
Diameter, D = 16 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0 0 0
5 9.00 18.810 26.264 0.00 0.000 0.000 26.264 14.445 0.000
10 9.00 18.810 26.264 0.55 1.150 17.663 43.927 25.926 9.715
15 9.00 18.810 26.264 0.55 1.150 41.748 68.012 41.581 22.961
20 9.00 18.810 26.264 0.55 1.150 65.834 92.098 57.237 36.209
25 9.00 18.810 26.264 0.55 1.150 89.919 116.183 72.893 49.455
30 9.00 18.810 26.264 0.55 1.150 114.005 140.269 88.548 62.703
35 9.00 18.810 26.264 0.55 1.150 138.090 164.354 104.204 75.950
40 9.00 18.810 26.264 0.55 1.150 162.176 188.440 119.860 89.197
Diameter, D = 20 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0 0 0
5 9.00 18.810 41.037 0.00 0.000 0.000 41.037 22.570 0.000
10 9.00 18.810 41.037 0.55 1.150 20.071 61.108 35.617 11.039
15 9.00 18.810 41.037 0.55 1.150 50.178 91.215 55.186 27.598
20 9.00 18.810 41.037 0.55 1.150 80.285 121.322 74.756 44.157
25 9.00 18.810 41.037 0.55 1.150 110.392 151.429 94.325 60.716
30 9.00 18.810 41.037 0.55 1.150 140.499 181.536 113.895 77.274
35 9.00 18.810 41.037 0.55 1.150 170.606 211.643 133.464 93.833
40 9.00 18.810 41.037 0.55 1.150 200.713 241.750 153.034 110.392
Diameter, D = 24 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips] φQu(uplift)
0 0 0 0 0 0 0 0 0 0
5 9.00 17.765 55.810 0.00 0.000 0.000 55.810 30.696 0.000
10 9.00 18.810 59.093 0.55 1.150 21.677 80.770 46.591 11.922
15 9.00 18.810 59.093 0.55 1.150 57.805 116.898
225.283
70.074 31.793
20 9.00 18.810 59.093 0.55 1.150 93.934 153.027 93.558 51.664
25 9.00 18.810 59.093 0.55 1.150 130.062 189.155 117.041 71.534
30 9.00 18.810 59.093 0.55 1.150 166.190 140.525 91.405
35 9.00 18.810 59.093 0.55 1.150 202.319 261.412 164.009 111.275





















0 50 100 150 200






D = 12 in.
D = 16 in.
D = 20 in.




2. Extreme Environmental Conditions
Resistance Factors, φ =
(uplift)
Diameter, D = 12 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0 0
5 9.00 18.810 14.773 0.00 0.000 0.000 14.773 14.773
10 9.00 18.810 14.773 0.55 1.150 14.451 29.224 29.224
15 9.00 18.810 14.773 0.55 1.150 32.515 47.288 47.288
20 9.00 18.810 14.773 0.55 1.150 50.580 65.353 65.353
25 9.00 18.810 14.773 0.55 1.150 68.644 83.417 83.417
30 9.00 18.810 14.773 0.55 1.150 86.708 101.481 101.481
35 9.00 18.810 14.773 0.55 1.150 104.772 119.545 119.545
40 9.00 18.810 14.773 0.55 1.150 122.836 137.609 137.609
Diameter, D = 16 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0 0
5 9.00 18.810 26.264 0.00 0.000 0.000 26.264 26.264
10 9.00 18.810 26.264 0.55 1.150 17.663 43.927 43.927
15 9.00 18.810 26.264 0.55 1.150 41.748 68.012 68.012
20 9.00 18.810 26.264 0.55 1.150 65.834 92.098 92.098
25 9.00 18.810 26.264 0.55 1.150 89.919 116.183 116.183
30 9.00 18.810 26.264 0.55 1.150 114.005 140.269 140.269
35 9.00 18.810 26.264 0.55 1.150 138.090 164.354 164.354
40 9.00 18.810 26.264 0.55 1.150 162.176 188.440 188.440
Diameter, D = 20 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0 0
5 9.00 18.810 41.037 0.00 0.000 0.000 41.037 41.037
10 9.00 18.810 41.037 0.55 1.150 20.071 61.108 61.108
15 9.00 18.810 41.037 0.55 1.150 50.178 91.215 91.215
20 9.00 18.810 41.037 0.55 1.150 80.285 121.322 121.322
25 9.00 18.810 41.037 0.55 1.150 110.392 151.429 151.429
30 9.00 18.810 41.037 0.55 1.150 140.499 181.536 181.536
35 9.00 18.810 41.037 0.55 1.150 170.606 211.643 211.643
40 9.00 18.810 41.037 0.55 1.150 200.713 241.750 241.750
Diameter, D = 24 inches 
Depth [ft] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] φQu [kips]
0 0 0 0 0 0 0 0 0
5 9.00 17.765 55.810 0.00 0.000 0.000 55.810 55.810
10 9.00 18.810 59.093 0.55 1.150 21.677 80.770 80.770
15 9.00 18.810 59.093 0.55 1.150 57.805 116.898 116.898
20 9.00 18.810 59.093 0.55 1.150 93.934 153.027 153.027
25 9.00 18.810 59.093 0.55 1.150 130.062 189.155 189.155
30 9.00 18.810 59.093 0.55 1.150 166.190 225.283 225.283
35 9.00 18.810 59.093 0.55 1.150 202.319 261.412
.540
261.412
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γsub = 52.6 pcf
Su = ·  Po'
Po' = effective overburden pressure at the point in question
▣ Bearing Capacity of the Pile (ADSC-WSD)
1. Unit end bearing capacity
qp = 9 · Su (If Su ≥ 2000 psf, and depth of base ≥ 3B, B = diameter of pile)
= N*c  · Su (If Su < 2000 psf, and depth of base ≥ 3B, B = diameter of pile)
= (2/3) [1 + (1/6)(D/B)] N*c  · Su (If depth of base(D) < 3B)
2. Unit skin friction capacity
fs = α · Su
α = 0.55 (for ≤ 1.5 and varying linearly between 0.55 and 0.45 for 1.5 < Su / Pa < 2.5)
α = 0 (for top five feet, and bottom one diameter) 
where: α = a dimensionless adhesion factor
Pa = the atmospheric pressure = 2116 psf
3. Ultimate bearing capacity
Qu = Qp + Qs = qpAp + fsAs 
where: Ap = gross end area of pile = πD2/4 (where, D: diameter of pile)
As = side surface area of pile = πDL (where, L: length of pile)
4. Allowable bearing capacity
Qa = Qu / Factor of Safety
SOFT CLAY








1. Operating Environmental Conditions
Factor of Safety =
Diameter, D = 12 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0 0 0
0.263 6.50 1.710 1.343 0.55 0.073 3.211 4.554 1.518 1.070
0.526 6.58 3.460 2.717 0.55 0.145 15.488 18.205 6.068 5.163
0.789 7.37 5.813 4.566 0.55 0.217 36.813 41.379 13.793 12.271
1.052 8.05 8.471 6.653 0.55 0.289 67.186 73.839 24.613 22.395
1.315 8.32 10.934 8.588 0.55 0.362 106.902 115.490 38.497 35.634
1.578 8.58 13.536 10.631 0.55 0.434 155.433 166.064 55.355 51.811
1.841 8.84 16.276 12.783 0.55 0.507 213.434 226.217 75.406 71.145
2.104 9.00 18.936 14.872 0.55 0.579 280.123 294.995 98.332 93.374
Diameter, D = 16 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0 0 0 0
20 0.263 6.50 1.710 2.388 0.55 0.073 4.179 6.567 2.189 1.393
40 0.526 6.58 3.460 4.831 0.55 0.145 20.448 25.279 8.426 6.816
60 0.789 7.37 5.813 8.116 0.55 0.217 48.781 56.897 18.966 16.260
80 1.052 8.05 8.471 11.828 0.55 0.289 89.178 101.006 33.669 29.726
100 1.315 8.32 10.934 15.267 0.55 0.362 142.031 157.298 52.433 47.344
120 1.578 8.58 13.536 18.900 0.55 0.434 206.639 225.539 75.180 68.880
140 1.841 8.84 16.276 22.726 0.55 0.507 283.870 306.596 102.199 94.623
160 2.104 9.00 18.936 26.440 0.55 0.579 372.689 399.129 133.043 124.230
Diameter, D = 20 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0 0 0 0
20 0.263 6.50 1.710 3.731 0.55 0.073 5.096 8.827 2.942 1.699
40 0.526 6.58 3.460 7.549 0.55 0.145 25.307 32.856 10.952 8.436
60 0.789 7.37 5.813 12.682 0.55 0.217 60.598 73.280 24.427 20.199
80 1.052 8.05 8.471 18.481 0.55 0.289 110.968 129.449 43.150 36.989
100 1.315 8.32 10.934 23.854 0.55 0.362 176.907 200.761 66.920 58.969
120 1.578 8.58 13.536 29.531 0.55 0.434 257.541 287.072 95.691 85.847
140 1.841 8.84 16.276 35.509 0.55 0.507 353.953 389.462 129.821 117.984
160 2.104 9.00 18.936 41.312 0.55 0.579 464.851 506.163 168.721 154.950
Diameter, D = 24 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips] Qa (uplift)
0 0 0 0 0 0 0 0 0 0 0
20 0.263 6.50 1.710 5.372 0.55 0.073 5.963 11.335 3.778 1.988
40 0.526 6.58 3.460 10.870 0.55 0.145 30.065 40.935 13.645 10.022
60 0.789 7.37 5.813 18.262 0.55 0.217 72.263 90.525 30.175 24.088
80 1.052 8.05 8.471 26.612 0.55 0.289 132.556 159.168 53.056 44.185
100 1.315 8.32 10.934 34.350 0.55 0.362 211.530 245.880 81.960 70.510
120 1.578 8.58 13.536 42.525 0.55 0.434 308.140 350.665 116.888 102.713
140 1.841 8.84 16.276 51.133 0.55 0.507 423.681 474.814 158.271 141.227





















0 50 100 150 200 250






D = 12 in.
D = 16 in.
D = 20 in.




2. Extreme Environmental Conditions
Factor of Safety =
(uplift)
Diameter, D = 12 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0 0 0
20 0.263 6.50 1.710 1.343 0.55 0.073 3.211 4.554 2.277
40 0.526 6.58 3.460 2.717 0.55 0.145 15.488 18.205 9.103
60 0.789 7.37 5.813 4.566 0.55 0.217 36.813 41.379 20.690
80 1.052 8.05 8.471 6.653 0.55 0.289 67.186 73.839 36.920
100 1.315 8.32 10.934 8.588 0.55 0.362 106.902 115.490 57.745
120 1.578 8.58 13.536 10.631 0.55 0.434 155.433 166.064 83.032
140 1.841 8.84 16.276 12.783 0.55 0.507 213.434 226.217 113.109
160 2.104 9.00 18.936 14.872 0.55 0.579 280.123 294.995 147.498
Diameter, D = 16 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0 0 0
20 0.263 6.50 1.710 2.388 0.55 0.073 4.179 6.567 3.284
40 0.526 6.58 3.460 4.831 0.55 0.145 20.448 25.279 12.640
60 0.789 7.37 5.813 8.116 0.55 0.217 48.781 56.897 28.449
80 1.052 8.05 8.471 11.828 0.55 0.289 89.178 101.006 50.503
100 1.315 8.32 10.934 15.267 0.55 0.362 142.031 157.298 78.649
120 1.578 8.58 13.536 18.900 0.55 0.434 206.639 225.539 112.770
140 1.841 8.84 16.276 22.726 0.55 0.507 283.870 306.596 153.298
160 2.104 9.00 18.936 26.440 0.55 0.579 372.689 399.129 199.565
Diameter, D = 20 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0 0 0
20 0.263 6.50 1.710 3.731 0.55 0.073 5.096 8.827 4.414
40 0.526 6.58 3.460 7.549 0.55 0.145 25.307 32.856 16.428
60 0.789 7.37 5.813 12.682 0.55 0.217 60.598 73.280 36.640
80 1.052 8.05 8.471 18.481 0.55 0.289 110.968 129.449 64.725
100 1.315 8.32 10.934 23.854 0.55 0.362 176.907 200.761 100.381
120 1.578 8.58 13.536 29.531 0.55 0.434 257.541 287.072 143.536
140 1.841 8.84 16.276 35.509 0.55 0.507 353.953 389.462 194.731
160 2.104 9.00 18.936 41.312 0.55 0.579 464.851 506.163 253.082
Diameter, D = 24 inches 
Depth [ft] Su [ksf] N*c qp [ksf] Qp [kips] α fs [ksf] ΣQs [kips] Qu [kips] Qa [kips]
0 0 0 0 0 0 0 0 0 0
20 0.263 6.50 1.710 5.372 0.55 0.073 5.963 11.335 5.668
40 0.526 6.58 3.460 10.870 0.55 0.145 30.065 40.935 20.468
60 0.789 7.37 5.813 18.262 0.55 0.217 72.263 90.525 45.263
80 1.052 8.05 8.471 26.612 0.55 0.289 132.556 159.168 79.584
100 1.315 8.32 10.934 34.350 0.55 0.362 211.530 245.880 122.940
120 1.578 8.58 13.536 42.525 0.55 0.434 308.140 350.665 175.333
140 1.841 8.84 16.276 51.133 0.55 0.507 423.681 474.814 237.407
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INPUT PARAMETERS USED IN THE CASE STUDY, SIX 
SUGGESTED SYSTEMS FOR THE CAST STUDY, AND 



























1 Traditional older vintage rig 1,200,000 12 4 $12,500 2 1680 2100 $137,813 $122,500 $1,862,041
2 Rapid Rig 976,470 11 0.5 $14,000 1 1200 1500 $101,250 $90,000 $1,126,503
3 LOC250 (CWD) 1,048,000 10 1 $15,000 1 1200 1500 $101,250 $90,000 $1,126,503
Air Solid&Liquid
Noise 






Traditional older vintage rig 0.973 78.630 0.500 1.000 0.500 0.500 20
Rapid Rig 0.978 77.020 1.000 0.500 1.000 1.000 16
LOC250 (CWD) 0.977 77.458 1.000 0.500 1.000 1.000 17
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
Internal combustion engine $5,000 0.011 0.118 110.073 0.500 1.000 0.500 0.750
Internal combustion engine w/SCR, 
w/noise suppressor $7,411 0.011 0.431 88.059 0.750 0.750 0.750 0.750
2 Lean-burn natural gas engines w/noise suppressor $7,817 0.005 0.878 88.059 1.000 0.500 1.000 0.750
Air Solid&Liquid Noise (TWA) Gov. Ind. Public
1 Conventional overbalanced drilling 100% $17,000 116.700 1.000 0.500 0.500 0.500
2 Underbalanced drilling w/noise suppressor 90% $20,500 97.360 0.750 0.750 0.750 0.750
3 Managed pressure drilling w/noise suppressor 90% $21,500 95.760 0.750 0.750 1.000 1.000
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
1 Coventional diesel truck $20,000 0.250 1.000 0.250 0.750 Cost factor




Type Transportation type Cost ($)
Rig t Rig name
Emissions





























● Emission of Rig Transportation (standard)
0.2 0.4 0.4 Operating hrs
CO NOx PM 1
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 5.0
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 13.671 3.528 0.088 Noise (dBA) 82.0 Noise dose (%) 20.7
(lb/operating) 273.420 70.560 1.764 HP units TWA 78.6 TWA w/suppressor 62.9
U-value 0.916 0.985 0.990 400 20
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 5.0
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 13.671 0.176 0.009 Noise (dBA) 80.0 Noise dose (%) 15.7
(lb/operating) 273.420 3.528 0.176 HP units TWA 76.6 TWA w/suppressor 61.3
U-value 0.916 0.999 0.999 400 20
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 4.0
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 13.671 3.528 0.088 Noise (dBA) 82.0 Noise dose (%) 16.5
(lb/operating) 218.736 56.448 1.411 HP units TWA 77.0 TWA w/suppressor 61.6
U-value 0.933 0.988 0.992 400 16
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 4.0
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 13.671 0.176 0.009 Noise (dBA) 80.0 Noise dose (%) 12.5
(lb/operating) 218.736 2.822 0.141 HP units TWA 75.0 TWA w/suppressor 60.0
U-value 0.933 0.999 0.999 400 16
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 4.3
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 13.671 3.528 0.088 Noise (dBA) 82.0 Noise dose (%) 17.6
(lb/operating) 232.407 59.976 1.499 HP units TWA 77.5 TWA w/suppressor 62.0
U-value 0.928 0.987 0.991 400 17
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 4.3
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 13.671 0.176 0.009 Noise (dBA) 80.0 Noise dose (%) 13.3
(lb/operating) 232.407 2.999 0.150 HP units TWA 75.5 TWA w/suppressor 60.4
U-value 0.928 0.999 0.999 400 17
Low sulphur diesel truck w/tier III engine
Transportation types UnitRig types


















● Emission of Road Construction (standard)
0.2 0.4 0.4 Operating hrs
CO NOx PM 1
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 79.3
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.216 Noise (dBA) 82.0 Noise dose (%) 327.7
(lb/operating) 3250.280 838.782 68.520 HP units TWA 98.6 TWA w/suppressor 78.8
U-value 0.000 0.822 0.593 300 317
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 9.0
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.066 Noise (dBA) 82.0 Noise dose (%) 37.2
(lb/operating) 369.117 95.256 2.381 HP units TWA 82.9 TWA w/suppressor 66.3
U-value 0.886 0.980 0.986 300 36
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 79.3
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.157 Noise (dBA) 80.0 Noise dose (%) 248.4
(lb/operating) 3250.280 41.939 49.647 HP units TWA 96.6 TWA w/suppressor 77.2
U-value 0.000 0.991 0.705 300 317
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 9.0
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.007 Noise (dBA) 80.0 Noise dose (%) 28.2
(lb/operating) 369.117 4.763 0.238 HP units TWA 80.9 TWA w/suppressor 64.7
U-value 0.886 0.999 0.999 300 36
● Emission of Site Preparation (standard)
0.2 0.4 0.4 Operating hrs
CO NOx PM 1
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 73.5
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.216 Noise (dBA) 82.0 Noise dose (%) 303.9
(lb/operating) 3014.456 777.924 63.548 HP units TWA 98.0 TWA w/suppressor 78.4
U-value 0.073 0.835 0.623 300 294
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 8.3
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.066 Noise (dBA) 82.0 Noise dose (%) 34.1
(lb/operating) 338.357 87.318 2.183 HP units TWA 82.2 TWA w/suppressor 65.8
U-value 0.896 0.981 0.987 300 33
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 5.0
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.066 Noise (dBA) 82.0 Noise dose (%) 287.3
(lb/operating) 270.686 69.854 1.746 HP units TWA 97.6 TWA w/suppressor 78.1
U-value 0.917 0.985 0.990 300 20
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 73.5
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.157 Noise (dBA) 80.0 Noise dose (%) 230.3
(lb/operating) 3014.456 38.896 46.045 HP units TWA 96.0 TWA w/suppressor 76.8
U-value 0.073 0.992 0.727 300 294
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 8.3
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.007 Noise (dBA) 80.0 Noise dose (%) 25.9
(lb/operating) 338.357 4.366 0.218 HP units TWA 80.2 TWA w/suppressor 64.2
U-value 0.896 0.999 0.999 300 33
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 5.0
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.007 Noise (dBA) 80.0 Noise dose (%) 282.3
(lb/operating) 270.686 3.493 0.175 HP units TWA 97.5 TWA w/suppressor 78.0
U-value 0.917 0.999 0.999 300 20
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 54.0
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.216 Noise (dBA) 82.0 Noise dose (%) 223.3
(lb/operating) 2214.702 571.536 46.688 HP units TWA 95.8 TWA w/suppressor 76.6
U-value 0.319 0.879 0.723 300 216
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 6.0
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.066 Noise (dBA) 82.0 Noise dose (%) 24.8
(lb/operating) 246.078 63.504 1.588 HP units TWA 79.9 TWA w/suppressor 64.0
U-value 0.924 0.987 0.991 300 24
(gram/hp-hr) 15.5 4 0.1 Noise (dBA/unit) 76 Total length (hr) 3.0
(lb/hp-hr) 0.03418 0.00882 0.00022 How many trucks 4 Ref. duration (hr) 24.2
(lb/hr)/unit 10.253 2.646 0.066 Noise (dBA) 82.0 Noise dose (%) 212.4
(lb/operating) 172.255 44.453 1.111 HP units TWA 95.4 TWA w/suppressor 76.3
U-value 0.947 0.991 0.993 300 12
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 54.0
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.157 Noise (dBA) 80.0 Noise dose (%) 169.2
(lb/operating) 2214.702 28.577 33.829 HP units TWA 93.8 TWA w/suppressor 75.0
U-value 0.319 0.994 0.799 300 216
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 6.0
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.007 Noise (dBA) 80.0 Noise dose (%) 18.8
(lb/operating) 246.078 3.175 0.159 HP units TWA 77.9 TWA w/suppressor 62.4
U-value 0.924 0.999 0.999 300 24
(gram/hp-hr) 15.5 0.2 0.01 Noise (dBA/unit) 74 Total length (hr) 3.0
(lb/hp-hr) 0.03418 0.00044 0.00002 How many trucks 4 Ref. duration (hr) 31.9
(lb/hr)/unit 10.253 0.132 0.007 Noise (dBA) 80.0 Noise dose (%) 209.4
(lb/operating) 172.255 2.223 0.111 HP units TWA 95.3 TWA w/suppressor 76.3






Gravel: Low sulphur diesel truck 
           w/tier III engine + dust
Mat: Low sulphur diesel truck 





Mat: Diesel truck 
Gravel: Diesel truck + dust 0.566
Gravel: Low sulphur diesel truck 
           w/tier III engine+ dust 0.781
0.702
Module: Low sulphur diesel truck 
             w/tier III engine + hammer
Rig types
Module: Low sulphur diesel truck 
             w/tier III engine + hammer 0.989
Mat: Low sulphur diesel truck 
        w/tier III engine
1
Gravel: Diesel truck + dust 0.598
Mat: Diesel truck 0.967
Module: Diesel truck + hammer
Mat: Low sulphur diesel truck 
        w/tier III engine 0.978
0.973
Gravel: Low sulphur diesel truck 
           w/tier III engine+ dust
2 & 3
Gravel: Diesel truck + dust 0.704
Mat: Diesel truck 0.976
Module: Diesel truck + hammer 0.983
 161
● Emission of Engine (rate)
0.2 0.4 0.4
CO NOx PM
Proportion (lb/MWh) 6.2 21.8 0.78 Power (MW) units Noise (dBA/unit) 86 Total length (hr) 144.0
100% (lb/hr)/unit 6.200 21.800 0.780 1 1 How many engines 1 Ref. duration (hr) 13.4
(lb/hr)*portion 6.200 21.800 0.780 Noise (dBA) 86.3 Noise dose (%) 1616.3
(lb/operating) 1339.200 4708.800 168.480 TWA 110.1 TWA w/suppressor 88.1
U-value 0.588 0.000 0.000
(lb/MWh) 6.2 4.7 0.78 Noise (dBA/unit) 86 Total length (hr) 144.0
(lb/hr)/unit 6.200 4.700 0.780 How many engines 1 Ref. duration (hr) 13.4
(lb/hr)*portion 6.200 4.700 0.780 Noise (dBA) 86.3 Noise dose (%) 1616.3
(lb/operating) 1339.200 1015.200 168.480 TWA 110.1 TWA w/suppressor 88.1
U-value 0.588 0.784 0.000
(lb/MWh) 5 2.2 0.03 Noise (dBA/unit) 86 Total length (hr) 144.0
(lb/hr)/unit 5.000 2.200 0.030 How many engines 1 Ref. duration (hr) 13.4
(lb/hr)*portion 5.000 2.200 0.030 Noise (dBA) 86.3 Noise dose (%) 1616.3
(lb/operating) 1080.000 475.200 6.480 TWA 110.1 TWA w/suppressor 88.1
U-value 0.668 0.899 0.962
Proportion (lb/MWh) 0 0 0 Power (MW) units Noise (dBA/unit) 0 Total length (hr) 144.0
0% (lb/hr)/unit 0.000 0.000 0.000 1 1 How many engines 1 Ref. duration (hr) 2097152.0
(lb/hr)*portion 0.000 0.000 0.000
0.000 0.000
1.000 1.000
Noise (dBA) 0.0 Noise dose (%) 0.0








Noise (dBA) 100.0 Noise dose (%) 8100.0
TWA w/suppressor 97.4
98 Total length (hr) 144.0
How many drills 1 Ref. duration (hr) 2.6
Noise (dBA) 98.0 Noise dose (%) 6138.7
TWA 119.7 TWA w/suppressor 95.8
Managed pressure drilling
Power from grid
Lean-burn natural gas engine (SI)







Noise (dBA/unit) 95 Total length (hr)
How many drills 1 Ref. duration (hr)
TWA 116.7 TWA w/suppress
Noise (dBA/unit) 100 Total length (h










[When ‘Traditional older vintage rig’ is sele ed] ct
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
Coventional diesel truck 0.250 1.000 0.250 0.750
Gravel roads $148,500 $0 $9,281 $148,500 3.030 0.566 98.562 0.250 1.000 0.250 0.500
DURA-BASE from Composite Mat (buy) $2,706,000 $2,164,800 $33,825 $541,200 1.515 0.964 82.870 1.000 0.500 1.000 1.000
DURA-BASE from Composite Mat (rent) $132,000 1.515 0.964 82.870 1.000 0.500 1.000 1.000
Gravel pad $137,813 $0 $8, $137,813 2.812 0.598 98.019 0.250 1.000 0.250 0.500
DURA-BASE from Composite Mat (buy) $2,511,250 $2,009,000 $31,391 $502,250 1.406 0.967 82.242 0.750 0.750 0.750 1.000
DURA-BASE from Composite Mat (rent) $122,500 1.406 0.967 82.242 0.750 0.750 0.750 1.000
Aluminum modules + driven piles $1,862,041 $1,489,633 $23,276 $372,408 0.007 0.973 97.614 1.000 0.500 1.000 0.500
4 Traditional older vintage rig $12,500 $12,500 $220,000 0.973 78.630 0.500 1.000 0.500 0.500
Internal combustion engine $5,000 $5,000 $80,000 0.118 110.073 0.500 1.000 0.500 0.750
Internal combustion engine w/SCR, w/noise suppressor $7,411 $7,411 $118,569 0.431 88.059 0.750 0.750 0.750 0.750
Lean-burn natural gas engines w/noise suppressor $7,817 $7,817 $125,073 0.878 88.059 1.000 0.500 1.000 0.750
Conventional diesel $6,720 $6,720 $94,080 0.500 1.000 0.500 0.500
Low sulphur diesel $7,056 $7,056 $98,784 0.750 0.750 1.000 0.750
Natural gas $4,200 $4,200 $58,800 1.000 0.500 1.000 0.750
N/A $0 $0 $0 0.000 1.000 0.000 0.250 1.000 0.250 1.000
N/A $0 $0 $0 $0 0.000 0.250 1.000 0.250 1.000
9 Conventional overbalanced drilling $17,000 $17,000 $204,000 116.700 1.000 0.500 0.500 0.500
Water-based muds $47,940 1.000 1.000 1.000 1.000
Lined reserve pit + solid control equip.* $2,000 $2,000 $24,000 0.037 0.500 0.750 0.750 0.750 0.500
Closed loop + containers + solid control equip.* $3,000 $3,000 $36,000 0.000 1.000 1.000 0.500 1.000 0.750
Cuttings injection $5,000 $5,000 $60,000 1.000 1.000 0.500 1.000 0.750

































[When ‘Rapid Rig’ is selected] 
Air Solid&Liquid




al combustion engine 0.345 0.500 1.000
In al combustion engine w/SCR, w/noise s 0.5 0.7 0.750
burn natural gas engines w/noise suppre 0.9 1.0 0.500
Co entional diesel 0.5 1.000
ulphur diesel 0.750 0.750
U balanced drilling w/noise suppressor 0.75 0.750 0.750
Wa r-based muds 1.00 1.000 1.000
 reserve pit + solid control equip.* 0.500 0.750 0.750 0.500
d loop + cont 1.000 1.000 0.500 0.750
Va Ra e ($)Technologies ($) Foo(Ac
Noise 
(TWA) Gov. Ind. Public
 s ier III engine, w/noise su 1.000 0.500 1.000 0.750
Gravel roads $198,396 $0 $19,077 $198,396 3.030 0.679 77.250 0.500 0.750 0.500 0.500
DURA-BASE from Composite Mat (buy) $2,721,840 $2,177,472 $52,343 $544,368 1.515 0.976 64.696 1.000 0.500 1.000 1.000
DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
Gravel pad $135,270 $0 $13, $135 2.066 81 75.036 0.500 0.750 0.500 0.500
DURA-BASE from Composite Mat (buy) $1,855,800 $1,484,640 $35, $371 1.033 84 62.356 0.750 0.750 0.750 1.000
DURA-BASE from Composite Mat (rent) $100,800 1.033 62.356 0.750 0.750 0.750 1.000
Aluminum modules + driven piles $1,131,303 $905,042 $21,756 $226,261 0.005 0.989 76.265 1.000 0.500 1.000 0.500
4 Rapid Rig $14,000 $14,000 $168,000 0.986 60.016 1.000 0.500 1.000 1.000
Intern $4,500 $4,500 $46,800 107.691 0.500 0.750
tern uppressor $6,670 $6,670 $69,363 78 86.153 50 0.750 0.750
Lean- ssor $7,035 $7,035 $73,168 09 86.153 00 1.000 0.750
nv $4,320 $4,320 $43,848 00 0.500 0.500
Low s $4,536 $4,536 $46,040 1.000 0.750
Natural gas $2,700 $2,700 $27,405 1.000 0.500 1.000 0.750
Electric power from grid $384 $384 $3,994 0.000 1.000 0.000 0.500 1.000 1.000 1.000
Flywheels $150,000 $120,000 $2,885 $30,000 0.000 0.500 1.000 1.000 0.750
9 nder $20,500 $20,500 $202,950 96.250 0 0.750
te $47,940 0 1.000
Lined $2,000 $2,000 $19,800 0.037 0.750
Close ainers + solid control equip.* $3,000 $3,000 $29,700 0.000 1.000
Cuttings injection $5,000 $5,000 $49,500 1.000 1.000 0.500 1.000 0.750






























hen ‘LOC250 (CWD)’ is selected] [W
Air Solid&Liquid
Noise 









alue ($ ($) Rate ($
Low sulphur diesel truck w/tier III engine, w/noise suppressor 1. 0.500 1.000 0.750
Gravel roads $198,396 $0 $19,840 $198,396 3.030 0.679 77.250 0.5 0.750 0.500 0.500
DURA-BASE from Composite Mat (buy) $2,721,840 $2,177,472 $54,437 $544,368 1.515 0.976 64.696 1.000 0.500 1.000 1.000
DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
Gravel pad $135,270 $135,270 2.066 0.781 75.036 0. 0.750 0.500 0.500
DURA-BASE from Composite Mat (buy) $1,855,800 $1,484,640 $37,116 $371,160 1.033 0.984 62.356 0.750 0.750 0.750 1.000
DURA-BASE from Composite Mat (rent) $100,800 1.033 0.984 62.356 0.750 0.750 0.750 1.000
Aluminum modules + driven piles $1,131,303 $905,042 $22,626 $226,261 0.005 0.989 76.265 1.000 0.500 1.000 0.500
4 LOC250 (CWD) $15,000 $15,000 $173,800 0.985 60.366 1.0 0.500 1.000 1.000
Internal combustion engine $3,500 $3,500 $35,000 0.537 104.678 0.500 1.000 0.500 0.750
Internal combustion engine w/SCR, w/noise suppressor $5,187 $5,187 $51,874 0.701 83.742 0.750 0.750 0.750 0.750
Lean-burn natural gas engines w/noise suppressor $5,472 $5,472 $54,720 0.936 83.742 1.000 0.500 1.000 0.750
Conventional diesel $3,360 $3,360 $31,920 0.5 1.000 0.500 0.500
Low sulphur diesel $3,528 $3,528 $33,516 0.750 0.750 1.000 0.750
Natural gas $2,100 $2,100 $19,950 1.000 0.500 1.000 0.750
Electric power from grid $1,152 $11,520 0.000 1.000 0.000 0. 1.000 1.000 1.000
Flywheels $450,000 $360,000 $9,000 $90,000 0.000 0.5 1.000 1.000 0.750
9 Managed pressure drilling w/noise suppressor $21,500 $21,500 $193,500 94.100 0.750 0.750 1.000 1.000
Water-based muds $47,940 1.000 1.000 1.000 1.000
Lined reserve pit + solid control equip.* $2,000 0 $18,000 0.037 0.500 0. 0.750 0.750 0.500
Closed loop + containers + solid control equip.* $3,000 $3,000 $27,000 0.000 1.000 1.000 0.500 1.000 0.750
Cuttings injection $5,000 $5,000 $45,000 1.000 1.000 0.500 1.000 0.750






























[Input values and single-attribute utility scores of SET 1] 
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Low sulphur diesel truck w/tier III engine, 











(2) Road construction: DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
(3) Site preparation: Aluminum modules + driven piles $226,261 0.005 0.98 76.265 1.000 0.500 1.000 0.500
(4) Rig type: LOC250 (CWD) $173,800 0.985 60.366 1.000 00 1.000 1.000
(5) Rig power (Conventional): Lean-burn natural gas engines 
w/noise suppressor $70,354 0.918 85.603 1.000 0.500 1.000 0.750
(6) Fuel type: Natural gas $25, 1.000 00 1.000 0.750
(7) Rig power (Unconventional): Electric power from grid (10 %) $3,840 0.000 1.000 0.000 0.500 1.000 1.000 1.000
(8) Energy storage: Flywheels $30,000 0.000 0.500 1.000 1.000 0.750
(9) Drilling tech.: Managed pressure drilling w/noise suppressor $193,500 94.100 0.750 0.750 1.000 1.000
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $27,000 0.000 1.000 1.000 0.500 1.000 0.750
(12) Cuttings mgmt.: Cuttings injection $45,000 1.000 1.000 00 1.000 0.750
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $991,184 1.520 4.86 2.000 381.030 0.500 0.500 1.000 0.500













[Input values and single-attribute utility scores of SET 2] 
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Low sulphur diesel truck w/tier III engine, 
w/noise suppressor 1.000 0.5













(2) Road construction: DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
(3) Site preparation: DURA-BASE from Composite Mat (rent) $100,8 3 0.98 62.356 0.750 50 0.750 1.000
(4) Rig type: LOC250 (CWD) $173,800 0.985 60.366 1.000 00 1.000 1.000
(5) Rig power (Conventional): Lean-burn natural gas engines 
w/noise suppressor $7 0.918 85.603 1.000 0.500 1.000 0.750
(6) Fuel type: Natural gas $25,650 1.000 00 1.000 0.750
(7) Rig power (Unconventional): Electric power from grid (10 %) $3,840 .000 1.000 0.000 0.500 1.000 1.000 1.000
(8) Energy storage: Flywheels $30,000 0.000 0.500 1.000 1.000 0.750
(9) Drilling tech.: Underbalanced drilling w/noise suppressor $184,500 95.700 0.750 50 0.750 0.750
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $27,000 0 1.000 1.000 00 1.000 0.750
(12) Cuttings mgmt.: Cuttings injection $45,000 1.000 1.000 00 1.000 0.750
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $856, 8 4.863 2.000 368.721 0.500 00 0.750 0.750
















[Input values and single-attribute utility scores of SET 3]  
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Coventional diesel truck 0.250 1.000 0.250 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $132,000 1.515 0.964 82.870 1.000 0.500 1.000 1.000
(3) Site preparation: DURA-BASE from Composite Mat (rent) $90,000 1.033 0.976 79.945 0.750 0.750 0.750 1.000
(4) Rig type: LOC250 (CWD) $167,000 0.500






0.977 77.458 1.000 1.000 1.000
(5) Rig power (Conventional): Lean-burn natural gas engines 
w/noise suppressor $78,171 0.908 86.399 1.000 0.500 1.000 0.750
(6) Fuel type: Natural gas $28,500 1.000 0.500 1.000 0.750
(7) Rig power (Unconventional): N/A (0 %) $0 1.00 0.250 0.250 1.000
(8) Energy storage: N/A $0 0.000 0.250 1.000 0.250 1.000
(9) Drilling tech.: Underbalanced drilling w/noise suppressor $184,500 95.700 0.750 0.750 0.750 0.750
(10) Fluid type: Water-based muds $47,940 1.000 1.000 1.000 1.000
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $27,000 0.000 1.000 1.000 1.000 0.750
(12) Cuttings mgmt.: Cuttings injection $45,000 1.000 0.500 1.000 0.750
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $800,111 2.548 4.825 2.000 422.371 0.250 0.250 0.750














[Input values and single-attribute utility scores of SET 4]  
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Low sulphur diesel truck w/tier III engine, 
w/noise suppressor 1.000 0.500 1.000 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $147,840 1.515 0.976 64.696 1.000 0.500 1.000 1.000
(3) Site preparation: Aluminum modules + driven piles $226,261 0.005 0.989 76.265 1.000 0.5 0 1.000 0.500
$17 0.5 0 1.000 1.000
0.5 0 1.000 0.750
0.5 0 1.000 0.750
om grid (30 %) 1.000 .000 1.000
1.0 0 1.000 0.750
3,500 94 0.7 0 1.000 1.000
,940 1.0 0 1.000 1.000
,000 0.5 0 1.000 0.750
,000 0.5 0 1.000 0.750
2.0 0 37 0.5 0 1.000 0.500
0.769 0.5 0 1.000 0.500
0
(4) Rig type: LOC250 (CWD) 3,800 0.985 60.366 1.000 0
(5) Rig power (Conventional): Lean-burn natural gas engines 
w/noise suppressor $54,720 0.936 83.742 1.000 0
(6) Fuel type: Natural gas $19,950 1.000 0
(7) Rig power (Unconventional): Electric power fr $11,520 0.000 1.000 0.000 0.500 1
(8) Energy storage: Flywheels $90,000 0.000 0.500 0
(9) Drilling tech.: Managed pressure drilling w/noise suppressor $19 .100 0.750 5
(10) Fluid type: Water-based muds $47 1.000 0
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $27 0.000 1.000 1.000 0
(12) Cuttings mgmt.: Cuttings injection $45 1.000 1.000 0
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $1,037,530 1.520 4.886 0 9.169 0.500 0
Single Attribute Utility Values 1.000 1.000 1.000 0.989 0.500 0
Selected Technologies Total Cost 
Emissions PerceptionsEcological Safety 
Valuein Each Subset ($) Footprint (Acres)
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[Input values and single-attribute utility scores of SET 5]  
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Coventional diesel truck 0.250 1.0 0 0.250 0.750
site Mat (rent) 0.500 .000 1.000
 Mat (rent 0.7 0 0.750 1.000
$16 0.5 0 1.000 1.000
 engine 1.000 .500 0.750
7,880 0.7 0 1.000 0.750
$0 1.0 0 0.250 1.000
$0 1.0 0 0.250 1.000
,500 0.7 0 0.750 0.750
1.000 .000 1.000
000 1.0 0 0.5 0 1.000 0.750
1.0 0.5 0 1.000 0.750
,320 2.0 71 0.5 0 0.250 0.750
1.000 0 0.500 .250 0.750
0
(2) Road construction: DURA-BASE from Compo $132,000 1.515 0.964 82.870 1.000 1
(3) Site preparation: DURA-BASE from Composite ) $90,000 1.033 0.976 79.945 0.750 5
(4) Rig type: LOC250 (CWD) 7,000 0.977 77.458 1.000 0
(5) Rig power (Conventional): Internal combustion $50,000 0.338 107.998 0.500 0
(6) Fuel type: Low sulphur diesel $4 0.750 5
(7) Rig power (Unconventional): N/A (0 %) 0.000 1.000 0.000 0.250 0
(8) Energy storage: N/A 0.000 0.250 0
(9) Drilling tech.: Underbalanced drilling w/noise suppressor $184 95.700 0.750 5
(10) Fluid type: Water-based muds $47,940 1.000 1
(11) Waste mgmt.: Closed loop + containers + solid control equip.* $27, 0.000 0 1.000 0
(12) Cuttings mgmt.: Cuttings injection $45,000 00 1.000 0
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $791 2.548 4.254 00 443.9 0.250 0














nput values and single-attribute utility scores of SET 6] [I
Air Solid&Liquid
Noise 
(TWA) Gov. Ind. Public
(1) Transportation: Coventional diesel truck 0.250 1.000 0.250 0.750
(2) Road construction: DURA-BASE from Composite Mat (rent) $132,000 1.515 0.964 82.870 1.000 0.500 1.000 1.000
(3) Site preparation: DURA-BASE from Composite Mat (rent 0.7 0 0.750 1.000
$16 0.5 0 1.000 1.000
1.0 0 0.500 0.750
1.000 .500 0.500
1.0 0 0.250 1.000
1.0 0 0.250 1.000
4,500 95 0.7 0 0.750 0.750
,940 1.0 0 1.000 1.000
,000 0.7 0 0.750 0.500
,000 0.5 0 1.000 0.750
1.500 443 0.500 .250 0.500
1.000 0.5 0 0.250 0.500
) $90,000 1.033 0.976 79.945 0.750 5
(4) Rig type: LOC250 (CWD) 7,000 0.977 77.458 1.000 0
(5) Rig power (Conventional): Internal combustion engine $50,000 0.338 107.998 0.500 0
(6) Fuel type: Conventional diesel $45,600 0.500 0
(7) Rig power (Unconventional): N/A (0 %) $0 0.000 1.000 0.000 0.250 0
(8) Energy storage: N/A $0 0.000 0.250 0
(9) Drilling tech.: Underbalanced drilling w/noise suppressor $18 .700 0.750 5
(10) Fluid type: Water-based muds $47 1.000 0
(11) Waste mgmt.: Lined reserve pit + solid control equip.* $18 0.037 0.500 0.750 5
(12) Cuttings mgmt.: Cuttings injection $45 1.000 1.000 0
(13) Noise reduction: N/A
Overall Attribute Scores (Σ or minimum value) $780,040 2.585 4.254 .971 0.250 0










Selected Technologies Total Cost
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The knapsack optimization model for the EFD technology selection problem with nine 
attributes is given as follows:  
J 9
j i i ij
j 1
Maximize U y k u (X )
= =i 1
⎡ ⎤= ⎢ ⎥⎣ ⎦∑ ∑  
where j is the index for systems, J is the num r of possible system  
the attributes, ki is the weight assi  to the ith  (k st sum t , s  
overall score of the jth system on the ith attr ute, ui(Xij) is the sing -attribute utility 
value for system j on attribute i, sc from to 1, and yj is a bina de on ia  
that is one if system j is selected and zero if it is not. In order to calculate the ove  
score of a system on the ith attribut i), Eq. (5-1), Eq. (5-2), and Eq. (5-3) should be 
considered. The other constraint required to consider for this optimization problem is: 
be s, i is the index for
gned attribute  mu o 1) Xij i the
ib le
















QUESTIONNAIRES AB T T E WEB ION 










1. What do you think the biggest advantage of using the Web-based decision 
optimization application is? 
 
• Well guided for selecting the options 
• It optimized the data for us 
• It allows you to consider im
effects 
• It allows you to weigh the options 
• You can weigh the options 
• Generate optimized values 
• Convenience 
• Brings out the best com rio for any p
• We managed to use the system em  
data 
• It relates the perception value to a dollar amount 
• Each section is very systematic 
• Easy to input  Î location, Î multiple users 
 We can keep the video as note and choose the part that we need to review 
 Easy, handy, and comprehensive 
• Making the decision simple 
• This will be helping to organize the input and output process of the information 
• Pulling data from multiple sources, and consolidation of sources 
• Time saving 
• Optimizing function. Easy, quick and efficient 
• Give a good idea about 
• Ready made cost and perception 
• Being impacts based on factor a
• It lets you grade different  
criterion. It makes it eas alternatives s
• There is a consistent rubric
• Makes the optimization easie
• Does weighting technique extremely well. Very easy to use 
• Ready made cost and perception 
 
2. Do you think the application is ease to use? If no, please explain what the most 
pacts based on factors other than cost-like environmental 
based on weight factor we want to assign 
bination scena articulate area 
 efficiently and the syst  was able to optimize our
technologies and methods for different areas 
nd not only upon cost/ environment 
attractive using weighting factors appropriate for each
y to evaluate ince it outputs the best combination 




• Eases the calculation 
difficult part of using the application is. 
 
• Yes, the options were elaborate and therefore selecting was not cumbersome 
• Yes, it’s fairly easy to use and understand with basic knowledge of software and 
optimization principles 
• No, setting up the system was complicated in the beginning. Making our own 
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modifications was difficult 
• I did not think it was super e
• Basic design of each action item
asy to use. It was difficult to set up 
 might be not independent 
• Fairly easy. Requires basic knowledge 
• It’s easy to use but some more explanation about how the perceptions should be 
chosen (i.e., 1 is what, 0 is what, what your answer represents?) 
nd 
government would think 
• Modification not easy after set up 
• The application is decently easy to use. The log in and user interface need to be 
• Yes, but if possible, develop a calculation for specific scenarios 
 
3. Which part should be modified soon for the application?
• Yes, but how to input the weighting factors was a bit confusing 
• It was hard to start, but the example posted by Dr. Burnett was very helpful 
• Application is easy enough to use but not flexible 
• Result sheet 
• Yes, but it is not practical 
• Yes, but it does not have “Save as” option 
• Some data were hard to obtain (e.g., perception from industry and public) 
• No, it was very complex. It took us a lot of time to understand how to determine the 
points. It is also wage 
• Most difficult part was to access the values to the emissions and what the public a
improved 
• Was easy but only if you explored it a little 
 
 
• Maybe give a “Set-up” section with instructions 
• Good instructions on what to do 
• Better instructions on what to do and how to use it 
• Some errors found in the results 
• Put more description about scoring 
• Not very familiar with system 
• A little more instructions 
• More instructions 
• It would be good to simplify the process of inputting weighting factors. 
• Perceptions are hard to estimate 
• A percentage of power input, or power supplied needs to be added 
• Can we show every step for the calculation? 
• Minimum number of technologies analyzed should be less than 4  
• The weighting point section 
• The optimization matrix assumes that  
• The factors and weight that are inserted are difficult and cumbersome to determine. 
Some fixed costs (standards) should be fixed 
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• Units should be mad consistent 
• The result summary page 
• The optimization matrix assumes that power will be constant 
• The outputs generated. I am not aware if there is a tutorial and manual on how to use 
it 
 
4. Any other suggestion and comments for the application? 
 
• If you do not want to select a technology from a certain Subset, just skip it. (Do not 
need to fill out “0” for that). 
• Should be more specific details about perception factors 
• Make it more secure. Want some permission thing 
• Ca
• More exam
• If you can add a
• Give options to
 Neatly charted and user friendly 
 Include columns for fixed cost and daily costs and give direction on how to prorate 
capitalized costs. Needs to be more finance based in order to find the present net 
values for the wells 
• Matrix versatile 
• Lab view type design 
• Unique and informative source 
 
n be a powerful and very useful tool 
ples would be helpful 
n option of populating the results in a pdf file 






Zachry Department of Civil Engineering 
rsity 
ion, TX 77843-3136, USA 
Ph.D., Civil Engineering, Texas A&M University, TX. 
as A&M University, TX. 
ng, KonKuk University, Korea. 
y, College Station, TX. 
Assistant, Zachry Department of Civil Engineering. 
aehan Consultants Co., Ltd., Seoul, Korea. 





 Texas A&M Unive
 College Stat
 





2003-2005 M.S., Construction Management, Tex




2006-2009  Texas A&M Universit
 Research 
 
2004-2005  Texas A&M University, College Station, TX. 
nce.  Research Assistant, Department of Construction Scie
 
2000-2003 D
  Bridge and Tunnel Design Engineer
 
1998-2000 Dongshin Engineering & Development Co., Ltd., Seoul, K
  Structural Engineer, Structural Department. 
 
